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THUNDERSTORM-ENVIRONMENT  INTERACTIONS DETERMINED 
WITH THREE-DIMENSIONAL TRAJECTORIES* 

Gregory  Sims  Wilson** 

1. STATEMENT  OF THE PROBLEM 

a.  Introduction 
"" 

The  ultimate  function  performed  by  the  ensemble of atmospheric 

circulation  systems  is  that  of  redistributing  atmospheric  energy  to 

produce  the  observed  "macroclimate"  of  the  earth.  Fundamental  to  the 

understanding  of  this  process  is  knowledge  about  the  "scale  interaction" 

between  various-size  atmospheric  systems.  Scale  interaction  processes 

determine,  to  a  great  extent,  the  nature  and  rate  at  which  atmospheric 

air  parcels  undergo  energy  transformations  and  establish  the  exact 

means by which  the  general  circulation  transports,  redistributes,  and 

transforms  energy. 

Atmospheric  eddy  sizes  range  over  the  entire  hydrodynamic  spectrum 

from  planetary  waves  down  to  small-scale  turbulent  eddies.  The  scale 

interaction  process  has  been  observed  to  transfer  energy  both  up  and  down 

this  spectrum.  However,  the  dynamics  and  feedback  mechanisms  of  scale 

interaction  remain  among  the  least  understood  processes  in  meteorology. 

Interaction  processes  between  convective  storms  (small  mesoscale 

systems)  and  micro-,  meso-,  and  synoptic-scale  systems  have  attracted 

considerable  research  interest  in  recent  years  because  of  the  estab- 

lished  importance  of  moist  convection  in  the  general  circulation.  Tropi- 

cal  thunderstorms,  in  transporting  heat  upward  into  the  upper  troposphere, 

are  largely  responsible  for  maintaining  the  horizontal  and  vertical  dis- 

tributions  of  temperature  and  pressure  that  maintain  large-scale  tropical 

circulations.  In  addition,  thunderstorms  are  important  in  both  the  angu- 

lar  momentum  and  moisture  balances  of  mid-latitude  circulation  systems. 

Severe  convective  storms  in  middle  latitudes  are  also  responsible  for 

creating  phenomena  such  as  tornadoes,  hailstorms,  and  flash  floods  that 

destroy  property  and  take  lives.  Tremendous  success  has  been  realized  in 

parameterizing  the  scale  interaction  processes  between  macro- or synoptic- 

scale  systems  and  severe  convective  systems  as  evidenced  by  the  remarkahly 

* A portion of the  research  on  which  this  report  is  based  was  supported 
by  Contract  NAS8-31773  to  Texas A&M University. 

Marshall  Space  Flight  Center,  Huntsville,  Alabama  35812. 
** Universities  Space  Research  Association  Visiting  Scientist  at  NASA 
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good severe   weather   forecas ts   tha t  are made from the   cu r ren t   synop t i c  

weather  observations. 

These parameter ized  re la t ionships   indicate   that   the   macroscale  

f l o w   f i e l d   e x e r t s  a s t rong   con t ro l l i ng   i n f luence   ove r   t he   i n t ens i ty  as 

well  as t h e   s p a t i a l  and  temporal   d is t r ibut ions of t h e  small mesoscale 

convect ive  c i rculat ions.  However, they do n o t   i n t e g r a t e   i n  a complete 

dynamical  theory  capable of explaining  the  sequence of events  which 

resu l t   in   severe   convec t ion   nor  do they  account   ful ly   for   the  feed-  

back processes  between the  convective  storms and their   environment.  

NASA's fou r th  Atmospheric V a r i a b i l i t y  Experiment (AVE I V )  w a s  

conducted  from 0000 GMT, 2 4  A p r i l   t o  1200 GMT, 25  A p r i l  1975 pri- 

m a r i l y  t o   f u r t h e r   e s t a b l i s h   t h e   v a r i a b i l i t y  and s t r u c t u r e  of the  

atmosphere in   reg ions  of convective  storms,  and t o   i n v e s t i g a t e   t h e  

poorly  understood  interrelat ionships  between these  s torms and t h e i r  

environment. AVE I V  data  provide a unique  opportuni ty   to   evaluate  

these   r e l a t ionsh ips  and scale i n t e r a c t i o n s   s i n c e  t w o  s e v e r e   l i n e s  of 

thunderstorms  (one  containing  the Neosho tornado)  occurred  during 

the  experiment.  Special  rawinsonde  soundings w e r e  taken a t  3- o r  

6-h i n t e r v a l s   i n  AVE I V  over  the U.S. east of 105 W longi tude.  A l l  

ava i l ab le   su r f ace ,   r ada r  (from  Manually Dig i t ized  Radar (MDR) da t a  

(Fos te r  and  Reap, 1 9 7 3 ) ) ,  and s a t e l l i t e   d a t a  were  used in   t he   d i ag -  

nost ic   analyses .  

0 

S p e c i f i c a l l y ,   t h i s   r e s e a r c h   p r e s e n t s  results aimed a t  providing 

a bet ter   understanding  of   the  interrelat ionships   between  synopt ic-  and 

convective-scale  systems  obtained by fo l lowing   i nd iv idua l   a i r   pa rce l s ,  

embedded within  the  macroscale  flow  pattern, as they   t rave led   wi th in  

the  convective  storm  environment  of AVE I V .  A three-dimensional  tra- 

jectory  a lgori thm was used to   ob jec t ive ly   ca l cu la t e   pa rce l   pa ths ,   wh i l e  

MDR da t a  were  used to   loca te   convec t ive   ac t iv i ty   o f   var ious   in tens i t ies  

and t o  determine  the  proximity of t r a j e c t o r i e s   t o   s t o r m s .  

b.  Previous  studies 

In   t ry ing   to   unders tand ,   p red ic t ,  and  modify convective  storms,  the 

s c a l e   i n t e r a c t i o n  problem becomes extremely complex. A l m o s t  nowhere can 

convective  storm  formation  be  considered as ei ther   completely random o r  
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completely  organized. Over t rop ica l   oceans ,  where sur face  and 

synopt ic-scale   forcing are presumably weak, major  convective  clouds 

usual ly   occur   in   "cloud  c lusters"   apparent ly   forced by w e a k  macroscale 

d is turbances .   Af te r   c lus te r   o rganiza t ion ,   the   energy   re leased  by 

buoyancy  overwhelms t h e   i n i t i a l   f o r c i n g  mechanisms  and the   l a rge-sca le  

me teo ro log ica l   cha rac t e r i s t i c s  of t h e   c l u s t e r  become products of t h e   t o t a l  

f luxes  of  the  convective  elements (Reed  and  Recker,  1971). 

In   ce r t a in   pa r t s   o f   t he   wor ld  and i n  some seasons,  strong  convection 

develops  within  the  environment of moderate-to-strong  large-scale 

dis turbances.  Under these   condi t ions ,   the   p reconvect ive   s ta te   inc ludes  

a s table   layer   prevent ing  moist ,   low-level  a i r  from r i s i n g   i n t o  a condi- 

tionally  unstable  upper  troposphere (Newton, 1963).  When the   s tab le   l ay-  

e r  i s  eliminated  by  large-scale  or  mesoscale  uplift ,   the  bouyant  release 

occurs  suddenly  and  violently. The large-scale   condi t ions which favor 

t h i s   r e l e a s e  have  been known f o r  many years  and  have  been  used i n  making 

6-12 h forecasts  of  severe  convection. 

Miller  (1972)  has summarized the   empir ica l   re la t ionships  between 

macroscale  conditions  and  severe  convective  storm  development. They 

include: 1) a ve r t i ca l   t empera tu re   s t ruc tu re   t ha t  i s  condi t iona l ly  

unstable;  2 )  l a rge  amounts  of low level   moisture;  3) s t rong  mid- and 

upper-tropospheric  jets;  4 )  a dynamical mechanism producing l i f t i n g  and 

r e l eas ing   convec t ive   i n s t ab i l i t y ;  and 5) many t i m e s ,   d r y   a i r   a t  mid- 

t ropospheric   levels .   In   addi t ion,   recent  work by  Whitney  (1977) has 

shown the  geometr ic   re la t ionships  between severe  thunderstorm  formation 

and the   pos i t i ons  of the   po lar  and subt ropica l   j e t   s t reams.  H i s  work 

r e v e a l s   t h a t  most s e v e r e   a c t i v i t y   l i e s  ahead  of t he   su r f ace   f ron t  and 

between the  two j e t  streams. 

Endlich and Mancuso (1968)  examined the   r e l a t ionsh ips  between 

objectively  analyzed  synoptic  data and severe  convective  storms. They 

were ab le   t o   i den t i fy   accu ra t e ly   a r eas   i n  which severe  weather  occurred 

by es tab l i sh ing   those   parameters   tha t   cor re la ted   bes t   in   space   wi th  

the  observed  convection. A basic  conclusion  reached was t h a t  boundary 

layer  f luxes  of  temperature and moisture  appeared  to be more d i r e c t l y  

re la ted   to   severe   s torm  occurrence   than   lapse   ra tes  of temperature or  
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parcel i n s t a b i l i t i e s .  

P robab i l i t y   fo recas t s  of convection  have  been  developed  :recently by 

Reap and  Alaka  (1969) , Bonner e t  a l .  (1971) , Reap and Fos te r  (1975) , 
and  David  (1973) us ing   sc reening   regress ion   wi th   forecas t  parameters 

from numerical  models. S t a t i s t i c a l   c o r r e l a t i o n s  between  observed 

convection and forecast   parameters  have  helped i n   e s t a b l i s h i n g   t h e  

r e l a t ionsh ips  between  convective-  and  synoptic-scale  systems,  but  the 

i n a b i l i t y  of   the  present  models t o   r e s o l v e  and forecast   subsynoptic- 

scale   systems  has   l imited  the  accuracy  of   forecasts  of convection. 

Even so, the  best   forecast   parameters   determined from t h e   c o r r e l a t i o n s  

of   parameters   wi th   convec t ive   ac t iv i ty   ind ica te   tha t   the   l ayer  of a i r  

between the   su r f ace  and 3 km (10,000 f t )  should  be  moist  and  convectively 

uns t ab le   w i th   pos i t i ve   ve r t i ca l  motion  occurring  within  the  layer.  

” 

More quan t i t a t ive   r e l a t ionsh ips  have  been e s t ab l i shed  by  Hudson 

(1971), Ogura and Cho (1973),  and F r i t s c h   e t  a l .  (1976)  where  cumulus 

cloud  formation  and  populat ions  have  been  parametr ical ly   t ied  to  macro- 

scale   moisture   convergence,   ver t ical   veloci ty ,  and h e a t  and  moisture 

budgets.  Their work r e v e a l s   t h a t   t h e  amount of mass being  processed by 

the  severe   convect ive  c louds is  seve ra l  times larger   than  the  synopt ic-  

s ca l e  mass conve rgence ,   r e su l t i ng   i n   add i t iona l   ve r t i ca l   c i r cu la t ions  

such as   o rganized   convec t ive   l i f t ing  and  compensating  downdrafts.  These 

c i r cu la t ions   sugges t   t ha t   convec t ive   t r anspor t   r a t e s  may be  strongly 

re la ted   to   the   ex is t ing   po ten t ia l   buoyant   energy ,   ra ther   than   to   the   ra te  

a t  which energy is  generated by the   l a rge-sca le   d i s turbance   a t   the   t ime 

of  convection. 

“ 

Research a l s o   i n d i c a t e s   t h a t   a r e a s  of intense  convection  produce 

feedback e f f e c t s  on surrounding  atmospheric volumes tha t   can  be de tec ted  

using  synoptic-scale  data.  Newton (1969)  has shown tha t   hea t ,   mo i s tu re ,  

and momentum, exchanged by convective  processes between clouds and 

their   environment,  are often  of  comparable  magnitude to   t hose   a s soc ia t ed  

wi th   the   l a rge-sca le   d i s t r ibu t ion .  

Aubert   (1957)   indicated  that   la tent   heat   re lease,   associated  with 

thunderstorms,  produced  increases i n  large-scale  horizontal   convergence 

below the   l eve l   o f  maximum condensation and enhanced hor izonta l   d iver -  
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gence  above t h a t   l e v e l .  H e  found decreases   in   values   of   geopotent ia l  

h e i g h t   i n   t h e  lower troposphere and increases   in   the  upper   t roposphere.  

Ninomiya (1971a  and b ) ,   u s ing  satel l i te  p i c t u r e s ,  found t h a t   t h e  pre- 

ex is t ing   in f low a t  the  cirrus  level  over  tornado-producing  thunderstorms 

changed in to   s t rong   ou t f low as the thunderstorms  developed. The 

existence  of a mid-tropospheric w a r m  core  and a s i g n i f i c a n t   f i e l d   o f  

convergence  below 700 mb w a s  observed  using  synoptic-scale  rawinsonde 

da ta ,  and t h e  downward convect ive  t ransport  of hor izonta l  momentum w a s  

shown to   in tens i fy   the   low- leve l  j e t  stream. A primary  conclusion 

reached was that   convect ive  systems  interact   wi th  and  modify the   l a rge-  

scale   synopt ic   f ie ld   through  the  re lease of l a t e n t   h e a t .  The r e s u l t i n g  

warm core  observed by the  author  in  the  middle and upper  troposphere 

above the  convection  area was apparent ly   respons ib le   for   in tens i fy ing  

the  horizontal   temperature   gradient   that   resul ted  in   s t rong  upper- level  

divergence  over  the  convective  area. A n  e n t i r e   i n t e r a c t i o n  model was 

developed to   expla in   the   format ion  and  development of the  convective 

system  through  the  transfer  of  energy between the  synopt ic-  and 

convective-scale  systems. 

Fuelberg  (1977), Read and  Scoggins  (1977), and Sco t t  and Scoggins 

(1977)  have shown s t rong   r e l a t ionsh ips  between individual  terms i n  t he  

l a rge - sca l e   k ine t i c  and poten t ia l   energy ,   vor t ic i ty ,  and moisture 

budgets  and  thunderstorm  formation.  These  budget  studies  consistently 

reveal  the  importance of sub-grid  scale   processes   in   res idual  term 

ca lcu la t ions .  The large  magnitudes  of  the  residuals  in  convective 

a reas   i nd ica t e   t ha t   s t rong   i n t e rac t ions   occu r  between the  convective- 

and synoptic-scale  systems as hea t ,  momentum, and water a r e  exchanged. 

F ina l ly ,  a new scale- interact ion  theory,   based upon fundamental 

hydrodynamics,  has  been  developed and numer ica l ly   t es ted  by Zack and 

Moore (1977),  Paine  and Kaplan (1974), and Paine  and  Kaplan  (1977) . 
This theory   descr ibes   the   cascade  and generation  of  kinetic  energy  over 

the  entire  spectrum  of  atmospheric  systems f r c m  Rossby  waves t o  micro- 

scale  weather  systems. The development  of  large  amplitude meso- and 

micro-scale  systems is shown t o  occur when l a r g e   a c c e l e r a t i o n s   e x i s t  i n  
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a s p e c i f i c  mass and momentum d i s t r i b u t i o n  a t  t h e  macroscale. Numerical 

t e s t i n g  of t he   t heo ry   has  shown remarkable s k i l l   i n   f o r e c a s t i n g  

t h e  development  of  severe  convective  systems  and  tornadoes  from  synoptic- 

s c a l e   i n i t i a l   c o n d i t i o n s .  

C. Objectives and  Approach 

ConGective  Storm evolution  depends on development  and i n t e r a c t i o n  of 

f i e l d s  of  motion,  temperature, and humidity on sca les   ranging  i n  s i z e  

f r o m  t h a t  of mid-lati tude  cyclones down to  the  micro-meteorological scale 

involving  turbulent   eddies .  The ob jec t ive  of t h i s   r e s e a r c h  w a s  t o  exa- 

mine the  fundamental   hypothesis  that  thermodynamic  and  hydrodynamic 

processes,  produced by synopt ic-scale   c i rculat ion  systems,   exer t  a s t rong 

cont ro l l ing   in f luence  upon t h e   l o c a t i o n ,   i n t e n s i t y ,  and durat ion of small 

mesoscale  convective  systems.  Furthermore,   that   interaction  processes 

between  thunderstorms  and  their  large-scale  environment may a l t e r   t h e  

s t r u c t u r e  and  dynamics  of  both  the  synoptic-  and  convective-scale  systems 

as hea t ,  mass, and momentum a r e  exchanged  between the  convective  storms 

and t h e i r  immediate  environment. 

Spec i f i ca l ly ,   t h i s   r e sea rch   a t t empt s   t o   p rov ide  more information on 

t h e   i n t e r r e l a t i o n s h i p s  and " sca l e   i n t e rac t ions"  between  synoptic- and 

convective-scale  systems  obtained by fol lowing  individual  a i r  parce ls ,  

embedded and moving within  the  macroscale  f low  pattern,   as  they  traveled 

within  the  convect ive storm environment.  In  accomplishing  this  objective, 

rawinsonde  and  surface  data  taken a t  3- and 6-h in te rva ls   dur ing  AVE I V  

were  used.  These data  al lowed  for  the  calculation  of  three-dimensional 

t r a j e c t o r i e s   o f  a i r  parcels   t ravel ing  over   the  experiment   area  using a 

t r a j e c t o r y  model deve loped   spec i f ica l ly   for   th i s   s tudy .  MDR data  were 

used t o   l o c a t e   c o n v e c t i v e   a c t i v i t y  of va r ious   i n t ens i t i e s  and t o  determine 

those  t ra jector ies   that   t raversed  the  near-s torm  environment .  

Since  parcel   t ra jector ies   represent   the  t ime-integrated three-dimen- 

sional  motions  of a i r  parcels, t o t a l  time  derivatives  mathematically ex- 

press the  atmospheric  physical   processes  that   occur  following  the  air .  

Therefore ,   in teract ions between  synoptic- and convective-scale  systems 

were s t u d i e s  by c a l c u l a t i n g   t h e   t o t a l  time de r iva t ives  of themodYn=ic, 

kinematic,  and  energy  quantit ies.  The increased  temporal  resolution Of 
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t he  AVE I V  da ta   over   the   s tandard   synopt ic   da ta  made these   ca l cu la t ions  

possible .  

Spec i f i c   ob jec t ives  of the   research  are l i s t e d  below and  encompass 

the   u se   o f   t he   t r a j ec to ry   ca l cu la t ions   t o :  

1) Estab l i sh   the   necessary  and suf f ic ien t   condi t ions   for   thunder -  

s torm  formation  and  intensi ty .   This   includes  the  horizontal  and 

v e r t i c a l   d i s t r i b u t i o n s   o f  wind, tempera ture ,   mois ture ,   ver t ica l   ve loc i ty ,  

s t a b i l i t y ,  and var iab les   assoc ia ted   wi th   the  trajectories t o  de ter -  

mine the   synopt ic -sca le   s t ruc ture  of the  atmosphere  during  convective 

storm  development. 

2 )  Determine the  thermodynamic and hydrodynamic physical   processes  

t h a t   r e s u l t   i n  changes  of   a tmospheric   s t ructure   that   f inal ly   lead  to  

formation,  maintenance, and d iss ipa t ion   of   convec t ive   ac t iv i ty   o f  

va r ious   i n t ens i t i e s .  

3)  After  thunderstorm  development,  determine t o  what ex ten t   t hese  

convective  storms  interact  with and  modify the  large-scale  environment 

i n  changing i t s  thermodynamic  and  kinematic s t ructure   through 

"feedback"  processes. 
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2. THEORETICAL DEVELOPMENT 

a. Dynamics of macro-scale  f low  and  scale  interaction 

The ne t   ho r i zon ta l   acce l e ra t ion   ac t ing  on an i n d i v i d u a l   a i r   p a r c e l  

imbedded in  synoptic-scale  f low  can be analyzed  using 

d"v 
d t  where - i s  the   ne t   ho r i zon ta l   acce l e ra t ion   impar t ed   t o   an  a i r  pa rce l  

r e s u l t i n g  from the  imbalance  between  the  Coriolis  force  -f(kxV) , t he  

pressure   g rad ien t   force  -Vp$ , and t h e   f r i c t i o n a l   f o r c e  F2. Since  the 

AVE I V  data  only  allow  complete  resolution of synoptic-scale  systems, a l l  

"subgrid-scale"  processes must be cons ide red   a s   pe r tu rba t ion   quan t i t i e s  

t h a t   t r a n s f e r  momentum, hea t ,  and water vapor t o  and  from the  synoptic- 

scale .   Mathematical ly ,   th is  assumes the   synop t i c - sca l e   t o   r ep resen t  a 

mean flow  about which perturbation  velocit ies  are  superimposed.  These 

per turbat ions  occur  as a r e s u l t  of s c a l e   i n t e r a c t i o n  between t h e  mean 

flow  and a l l  those  systems whose eddy s i zes   a r e   cons ide rab ly  below t h a t  

of the   synopt ic -sca le   eddies  (<lo00 km) (Paine and  Kaplan, 1974) .  

A +  

+ -+ 

The f i r s t  two terms on the  r ight-hand  side  of (1) rep resen t   ne t   ho r i -  

zon ta l   fo rces   pe r   un i t  mass act ing  within  the  synopt ic-scale   f low  while  

forces  produced by pe r tu rba t ion   ve loc i t i e s   appea r   i n   t he  las t  term. From 

basic   turbulence  theory,  F2 r e s u l t s  from divergence of the  covariance 

between pe r tu rba t ion   ve loc i t i e s  and mathematically  appears i n  expanded 

component  form in   t he   x ,   y ,  z system as: 

-b 

( - p u ' w ' )  + - - - l a  - l a  
P a Y  

= "  
Fx p az ax  (-pu'u') + - - ( -pu 'v ' )  

where  primed v e l o c i t i e s  are tu rbu len t   pe r tu rba t ion   quan t i t i e s .  

The l a rges t   o f   t hese   t u rbu len t   edd ie s  may be  of   the  s ize  which could 

be  missed  by t h e   c u r r e n t  network  of  observing  points.  Moreover,  these 
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eddies  may easi ly   be  of  the order  of 1 o - ~ a n  i n   s i z e  &d remain completely 

undetected  with  the  present   densi ty   of   observing  s ta t ions  over   the AVE 

area. 

There are s t rong   r easons   t o   be l i eve  that the  atmosphere  contains 

eddies   of   the  above-mentioned s i z e  when the   f low  f ie ld  i s  h ighly   acce le r -  

a ted   and   d i s turbed ,   bu t   d i s turbances  of the s i ze   o f   10   t o  100 k m  a r e  

usua l ly  damped (Gods& e t  a l . ,  1957). Direct measurements show a gap 

in   th i s   range   of   the   tu rbulen t   k ine t ic   energy   spec t rum (Lumley and 

Panofsky,  1964),  but  measurements  reveal a d i s t i n c t  peak i n  the 

spectrum  that   corresponds  to  eddy s i z e s  from  10 t o  100 m and a 

cha rac t e r i s t i c   ve loc i ty   o f   abou t  1 m s (Djuric,   1961).  The e f f e c t  

of   these  eddies  are not   over looked   in   th i s   s tudy ,   bu t   tu rbulen t   eddies  

produced by convec t ive   ac t iv i ty  are usual ly  an order  of  magnitude 

l a r g e r  and  probably  dominate  the  magnitude  of F2 in   t he   convec t ive  

storm environment  above t h e  boundary l a y e r  (Newton,  19691. 

" 

-1 

+ 

Fina l   ca l cu la t ion  of the   ne t   pa rce l   acce l e ra t ion  (-) following dV 
d t  

t h e   t r a j e c t o r i e s  does  not   fol low  direct ly  from a mathematical  balance 

between  computed terms i n  (1) as is usua l ly  done. Ins tead ,   the  

ind iv idua l   pa rce l  trajectories are computed between  each  of  the 3- and 

6-h i n t e r v a l  time per iods   o f   the  A F  I V  da t a ,  and -1 and J are de ter -  

mined fo r   each   t r a j ec to ry .  Then - = -1 + J and in t e rp re t a t ion   o f  

t he   acce le ra t ion  must follow from (1) and t h e  above discussion.  

This computing  technique w a s  used in  determining a l l  total  de r iva t ives  

of  thermodynamic,  kinematic,  and  energy  quantities. 

A u ~  Av, 

dV  AuA  Av, A t   A t  

d t  A t   A t  

b. S p a t i a l   d i s t r i b u t i o n   o f   t r a j e c t o r y   d a t a  and n e t   v e r t i c a l  
displacements 

Reap (1972) has developed a t e c h n i q u e   f o r   t r a n s l a t i n g   r e s u l t s  from 

I 

a t r a j e c t o r y  model i n t o  an  Eulerian framework. Spec i f i ca l ly ,  a quan t i ty  

ca l led   ne t   ver t ica l   d i sp lacement  (NVD) was developed by Reap which, 

when t r a n s l a t e d   i n t o  the E u l e r i a n   g r i d ,   r e s u l t e d   i n  a spat ia l  d i s t r i b u -  

t i o n  of  dp/dt  for a l l  a i r  parcels ending their t r a j e c t o r i e s  a t  a l l  g r i d  

p o i n t s   i n  the g r i d   a r r a y .  The rate of  pressure  change  along  the parcel's 

pa th  is ac tua l ly   ca l cu la t ed  from A p / A t  where Ap r e p r e s e n t s   t h e  pres- 

sure  change experienced by the parcel as it moved three-dimensionally 
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in   space  over  a time  period  of 1 2  h ( A t ) .  Reap and others   have shown 

t h a t  NVD's correlate   bet ter   with  observed  weather  and p r e c i p i t a t i o n  

than do in s t an taneous   ve r t i ca l   ve loc i t i e s .  They have a l s o  shown 

NVD's t o  be one of  the most impor tan t   p red ic tors   used   in   forecas t ing  

the   p robab i l i t y   o f   p rec ip i t a t ion  and thunders torm  ac t iv i ty   s ince  this 

parameter  captures  the  t ime-dependent  l if t ing and des t ab i l i z ing   p ro -  

cesses   tha t   occur  w i t h i n  the  synopt ic-scale   f low  pr ior   to   thunderstorm 

formation. 

c. S t a t i c   s t a b i l i t y  - as  measured by parce l   energy   ind ices  

To accura t e ly   pa rame te r i ze   t he   s t a t i c   s t ab i l i t y   o f   t he   a tmosphe re  

i n  AVE I V ,  a  method was developed   to   ob jec t ive ly   ca lcu la te   bo th   the  

amount of  buoyant  energy  (ergs g-'] necessary  to  be  added  to a p a r c e l  

t o  make it hydrostat ical ly   unstable   (negat ive  buoyant   energy  or  NBE) 

and the amount a v a i l a b l e   t o  be  converted  into  kinetic  energy  of  the 

upward ver t ica l   ve loc i ty   (pos i t ive   buoyant  energy or PBE) or "updraft" 

i f   t h e   p a r c e l  were t o  become unstable .   Calculat ions  of  NBE and PBE 

follow  the  steps  used i n  a one-dimensional,  non-entrainment,  cloud 

rode l   wi thout   l iqu id   water   o r  "form"  and  "mixing"  drag. A n  a i r   p a r c e l  

en te r ing  a  I1cloudt1 is l i f t e d   d r y - a d i a b a t i c a l l y   t o  i ts  LCL and  then 

mois t -ad iaba t ica l ly   to  100 mb. When the   pa rce l   v i r tua l   t empera tu re  

(TI) is warmer (colder)  than T (the  environmental   virtual  tempera- 

t u r e )   a t  a given  pressure  level,  it w i l l  ga in   ( l o se )   k ine t i c   ene rgy  

accord ing   to   (Hal t iner  and Martin, 1957) : 

V V 

d ( z )  = -R (T '  - Tv) d ( l n   p ) .  
W 2  

d v  

In t eg ra t ing  (4)  between two pressure levels g ives  

o r  
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where bars  are average temperatures fo r   t he   l aye r   and  A ( K E  ) is  t h e   p a r c e l  

vertical kinetic  energy  change  between levels p and p . A (KEw) is  then 

determined  for  successive  pressure  layers  of  each  sounding  using (5) and 

NBE is ca lcu la ted  by  summing a l l  negat ive A ( K E w )  values  up t o  500 mb over 

each  sounding. PBE r e s u l t s  from summing a l l  pos i t i ve   va lues  up t o  100 mb. 
Smaller NBE should  correlate   with  the  increasing  occurrence  of   thunder-  

storms whi l e   l a rge r  PBE should relate t o  the inc reas ing   i n t ens i ty   o f  con- 

v e c t i v e   a c t i v i t y   s i n c e  it is roughly  proportional  to the v e r t i c a l   k i n e t i c  

energy of the  maximum "updraf t"   ve loc i ty  when NBE i s  s m a l l .  

W 

1 2 

d. Parce l   d iaba t ic   p rocesses  

Over short   per iods  of   t ime,  a i r  parce ls  w i l l  usua l ly  move isen-  

t r o p i c a l l y  so t h a t  dB = 0. However, deviat ions from i s e n t r o p i c  flow 

are   the   ru le   ra ther   than   the   except ion  when condensation,  evaporation, 

and r a d i a t i o n   a f f e c t  a i r  parcels.   Indeed, an e s sen t i a l   j ob   o f   t he  

atmosphere is t o   t r a n s f e r   l a t e n t   e n e r g y ,   s t o r e d   i n   l i q u i d  water i n  

the   ear th ' s   oceans  and lakes, i n t o   t h e  atmosphere  (through  evapora- 

t i o n  and ho r i zon ta l   and   ve r t i ca l   t r anspor t ) ,  where it is f i n a l l y  

r e a l i z e d  as sensible  heat  during  condensation.  Thunderstorms  are 

known t o   p l a y   a n   i n t e g r a l  part in   t h i s   p rocess .   In   add i t ion ,   t he  

r e l ease   o f   l a t en t   hea t   ene rgy   i n to   t he  a i r  alters t h e   e x i s t i n g  

pressure  and  wind f i e l d s  (Ninomiya,  1971a,  1971b)  and a f f e c t s   t h e  

genera l   c i rcu la t ion .  

d t  

When d i a b a t i c   e f f e c t s  and turbulen t   t ransfer   o f   hea t  between 

synoptic-  and  subgrid-scale  systems  occur, 

C 
d ( h e  1 = H  + A E  

P d t  D 

where H is  the   d i aba t i c   hea t ing  rate (per  unit mass) wi th in   the  mean 

or  synoptic  f low  (condensation,  evaporation,  radiation,  etc.) ,and A 

is the  divergence  of   the  turbulent  eddy f lux   of   hea t .  % is probably 

a l a r g e  t e r m  i n  the hea t   ba lance   equat ion   in  areas where  convection 

in t e rac t s   w i th  the synoptic  f low and  can  be wr i t t en  as (Ninomiya,  1971a) 

D 

E 
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Primed q u a n t i t i e s   r e p r e s e n t   t u r b u l e n t   p e r t u r b a t i o n s   o f   v e l o c i t y  and 

potential  temperature  superimposed  on a synoptic-scale  f low  defined 

by the  AVE I V  rawinsonde  data. 

e. Pa rce l   acce l e ra t ions  

As discussed earli$r, t h e  total  ho r i zon ta l   pa rce l   acce l e ra t ion  

v e c t o r   p e r   u n i t  mass, -, can  be  calculated al+ong a t r a j e c t o r y  and 

resu l t s   t ransformed  in to  a gridded  output. - then   represents  the n e t  

ho r i zon ta l   fo rce   ac t ing  on the   pa rce l  as a result   of  an  imbalance be- 

tween the   Cor io l i s   fo rce ,   t he   p re s su re   g rad ien t   fo rce ,  and the  

tu rbu len t  eddy f r i c t i o n a l   f o r c e .  These forces  are mainly  responsible 

for   creat ing  and  a l ter ing  a tmospheric   c i rculat ion  systems.  

dV 
d t  dV 

d t  

The magnitude  alone  of  the  net  force is no t  an easy   quant i ty  

to   use  in   determining  changes  in  f l o w  patterns s i n c e  - is  a vec to r  

quantity.   Instead,  changes  in  atmospheric  f low patterns are usual ly  

s tud ied  by examining  the  changes i n   f i e l d s  of v o r t i c i t y  or divergence 

in   t he   f l u id ,   bo th   r ep resen tab le  as scalar q u a n t i t i e s .  Changes i n  

an a i r  pa rce l ' s   vo r t i s i t y   o r   d ive rgence   occu r   on ly  when a n e t  fo rce  

acts on the  parcel (- # 0). 

dV 
d t  

dV 
d t  

Equation 8 descr ibes   the  rate of   change  of   the  ver t ical  component 

o f   abso lu t e   vo r t i c i ty  (< 1 following an a i r  parce l ,  and r e s u l t s  from 

t ak ing   t he   ho r i zon ta l   cu r l  o f   the   acce le ra t ion   vec tqr   and   do t t ing   th i s  

quan t i ty   w i th   t he   ve r t i ca l   un i t   vec to r  [k - (9 x z) ] : 

a 

. A  dV 
P 

5 = - ( <  + f)$p-V - 6. (9  w X -) + ^ k *  (9 X F ) .  
d t  P aP P 

-t a f  -+ 

This f ami l i a r   vo r t i c i ty   equa t ion ,  when appl ied a t  t he   syaop t i c   s ca l e ,  

relates - dca of the mean flow w i t h  t h e   f i r s t  term on the  r ight-hand  s ide 

which expla ins  the production of vor t ic i ty   th rough  d ivergence ,   the  

second term on the  r ight-hand  s ide which r ep resen t s   t he   t r ans fe r   o f  

v o r t i c i t y  from o the r  component a x e s   i n t o   t h e   v e r t i c a l  component,  and 

t h e  las t  term which  explains   the  product ion  of   vort ic i ty  from t h e   c u r l  

of the tu rbu len t  eddy f r i c t i o n a l   f o r c e .  The second term on the   r igh t -  

hand s ide ,   usua l ly   ca l led   the   twis t ing   t e rm,  i s  normally  an  order  of 

magnitude smaller than  the  following  term,  while  the l as t  term  can, 

d t  
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i n  t h e   v i c i n i t y  of convec t ive   ac t iv i ty ,   be  as l a rge  as the  divergence 

term (Read  and Scoggins, 1977) .  However, - dTa should  be posit ive 

(convergence) i n  the lower atmosphere  and  negative above (divergence) 

in   the   convec t ive  storm environment. As a r e s u l t ,  upward v e r t i c a l  

ve loc i ty  is crea ted  from t h i s  pattern that  can release p o t e n t i a l   i n -  

s t a b i l i t y  and  produce  thunderstorms. 

d t  

The tu rbu len t  eddy f r i c t i o n a l   f o r c e  (F) in  the  convective  storm  en- 
-+ 

vironment may be  dominated  by ho r i zon ta l  momentum exchange  between  thunder- 

storms and the  environment.  This is  physical ly   reasonable   s ince low mo- 

mentum sur face  a i r  rises into  convect ive  c louds  that   are   growing and mix- 

i n g   i n  an  atmosphere  with ver t ical   shear ,   whi le   high momentum a i r  a l o f t  

en te rs   p rec ip i ta t ion   downdraf t s   tha t   p lunge   in to  the boundary layer .   This  

complicated  process   a l ters   the  synopt ic-scale  flow s ince  a n e t  momentum 

t r a n s f e r   t o   o r  from the  convective  systems  has  occurred  that  changes  the 

ne t   ho r i zon ta l   acce l e ra t ion  a t  the  macroscale  through  the  turbulent eddy 

f r i c t i o n a l   f o r c e  and a f f ec t s   t he   synop t i c   c i r cu la t ion   pa t t e rn   i n   t he  

storm  environment. 

f .   Parcel   k inet ic   energy  changes 

When fo rces   ac t  upon a i r  p a r c e l s ,  work is  performed  and  energy 

transformations  occur. Of p a r t i c u l a r   i n t e r e s t   i n   t h e  atmosphere i s  

t h e  development  of kinet ic   energy  contained w i t h i n  the var ious s i z e  

c i r cu la t ion  systems. 

From a Langrangian  point  of  view,  horizontal  kinetic  energy  changes 

occur when the   ne t   ho r i zon ta l   vec to r   fo rce   pe r   un i t  mass ac t ing  upon 

the  a i r  parce l   has  a component a long   the   ve loc i ty-vec tor .   In te rpre ta t ion  

o f   t h e   r e s u l t s  may be  obtained from (Hal t iner  and Martin, 1957) :  

where K E  i s  horizontal   k inet ic   energy.   Therefore ,   parcels   change  their  

horizontal   k inet ic   energy  during  cross-contour   f low and  from k i n e t i c  

energy  imparted t o   o r  removed from the  synoptic  f low (last  te rm  in  ( 9 ) )  

through "scale in t e rac t ion . "  Under cond i t ions   t ha t   t he  momentum 

t r a n s f e r  between  convective-  and  synoptic-scale  systems a l te r  t h e  
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l a r g e - s c a l e   a c c e l e r a t i o n   v e c t o r   f i e l d  w i t h  r e s p e c t   t o  the d i r e c t i o n  of 

flow (through the l a s t  tern on the right-hand side), ho r i zon ta l   k ine t i c  

energy a t  the synopt ic   sca le  is  created  or   destroyed  through  this   c loud-  

environment  feedback  process. 



r- 

15 

3.  DATA ANALYSIS AND TRAJECTORY CALCULATIONS 

a. AVE I V  d a t a  -" 
1) Rawinsonde d a t a  

The for ty- two  rawinsonde   s ta t ions   par t ic ipa t ing   in  the AVE I V  

experiment are shown i n  Fig. 1. Soundings were taken a t  nine times-- 

24 A p r i l  a t  0000 GMT, 0600 GMT, 1200 GMT, 1500 GMT, 1800 GMT, 2100 GMP, 

and on 25 Apri l  a t  0000 GMT, 0600 GMT, and  1200 GMT, 1975. 

Fig. 1. Rawinsonde s t a t i o n s   p a r t i c i p a t i n g   i n   t h e  AVE I V  experiment. 

Data reduction  procedures  used  to  process  the AVE I V  rawinsonde 

da ta  were designed t o  ob ta in   t he  most accu ra t e   r e su l t s   poss ib l e  

(Fuelberg,  1974). The r a w  angle  and ord ina te  data were checked f o r  

e r ro r s   p r io r   t o   ca l cu la t ing   t he   sound ings ,  and computed soundings 

were rechecked  with  corrections made as required.  Data w e r e  given 

a t  25-mb i n t e r v a l s  by Fucik and Turner  (1975). Estimates of RMS errors 

of   the thermodynamic q u a n t i t i e s  are given i n  Table 1 (Scoggins  and 
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S m i t h ,  1973;  Fuelberg,   1974).   Recent  studies  have  indicated  that  

e r r o r s   i n   t h e  thermodynamic q u a n t i t i e s  may be even smaller than those 

given i n  Table 1 (Lenhard,  1973;  Brousaides,  1975). 

Table 1. RMS errors of  thermodynamic q u a n t i t i e s  fo r  t h e  AVE I V  data .  

Parameter Approximate FWS error 

Temperature 1 ° C  

Pressure 1.3 mb s u r f a c e   t o  400 mb 
1.1 mb between 400 and  100 mb 
0.7 mb between  100  and  10 mb 

Hurn i  d i   t y  10% 

Pressure  ,Al t i tude  10 g p m  a t  500 mb 
20 g p m  a t  300 mb 
50 g p m  a t  50 m b  

An error analysis  conducted by Fuelberg  (1974)  gave RMS errors 

of s c a l a r  wind speed  and  wind d i r e c t i o n  for  t he  AVE I V  baroswitch 

contac t   da ta .  T a b l e  2 p resents  these RMS e r ro r s   €o r   e l eva t ion   ang le s  

of 40° and 20". RMS e r r o r s   f o r   t h e  smoothed 25-mb d a t a   t h a t  were 

used i n   t h i s   s t u d y  would be somewhat smaller. 

T a b l e  2. RMS e r r o r s  of baroswitch  contact wind d a t a   f o r   t h e  AVE I V  
da t a  a t  e levat ion  angles   of  40" and 20". 

Elevat ion Angle Elevat ion Angle 
Leve 1 40 " 20° 40 O 20" 

RMS Direct ion  Error  RIG Speed Error  

700 mb 1.8" 3.80 0.5 m s 1.0 m s 

500 mb 2.5" 5.6' 0.8 m s 2.0 m s 

300 mb 3.1" 7.5O 1.0 m s-l 3.8 m s 

100 mb 6.2" 15.0° 2.0 m s 5.7 m s 

-1  -1 

-1 -1 

-1 

-1 -1 
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O r i g i n a l   s t r i p   c h a r t s  from a l l  rawinsonde  soundings were checked 

careful ly   to   determine if sondes  entered  thunderstorm  updrafts o r  

downdrafts.  Data for   four   soundings w e r e  removed from t h e   o r i g i n a l  

da ta  set because  the  sondes  apparently  had  entered  violent  updrafts.  

The p o t e n t i a l   f o r   d i s t o r t e d   r e s u l t s  due to   nonhydros ta t ic  accelera- 

t i ons  w a s  thereby  considerably  reduced. 

2 )  Surface  data  

A l l  ava i l ab le   su r f ace   da t a   fo r   t he  AVE I V  experiment were ob- 

ta ined  from the  National  Climatic  Center.   Figure 2 shows loca t ions  

of  the 310 s u r f a c e   s t a t i o n s  used.  Vector  wind,  temperature, dew 

point  temperature,  and surface  pressure were read.;  keypunched,  and 

checked c a r e f u l l y   f o r   e r r o r s .  

. 
Fig. 2. Locations of s u r f a c e   s t a t i o n s   f o r   t h e  AVE I V  area.  

3)  Dig i t a l   r ada r   da t a  

Manually Digi t ized Radar (MDR) d a t a  were obtained from NOAA’s 

Techniques  Development  Laboratory to   determine  accurately  the  intensi ty  

and posit ion  of  the  radar-observed  convection  during  the AVE I V  

experiment. The MDR g r i d  network is  shown in  Fig.  3. MDR da ta  are 



Fig. 3.  Manually d ig i t ized   radar  (MDR) g r i d  network. 
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coded with a s i n g l e   d i g i t  from 0 to  9 to  ind ica t e  areal coverage 

and echo   i n t ens i ty   w i th in   b locks   t ha t  are approximately  83 km on a 

s ide .  T a b l e  3 is  an explanat ion  of  the MDR code  given by Fos te r  

and Reap (1973). 

Table 3. Manually d i g i t i z e d   r a d a r  (MDR) da ta  code (Fos te r  and 
Reap, 1973) . 

Maximum Coverage Maximum In   t ens  i t y  
Code No.  Observed In Box Rainfall  Category 

VIP' Values Rate ( i n  h'l) 

7 

8 

9 

N o  Echoes 

1 

2 

2 

3 

3 

4 

4 

5 o r  6 

5 o r  6 

Any V I P 1  

- < 50% of VIP2 

> 50% of  VIP2 

5 50% of VIP3 

> 50% of VIP3 

<, 50% of VIP3 
and 4 

> 50% of VIP3 
and 4 

5 50% of VIP3, 
4 ,  5 ,  and 6 

> 50% of VIP3, 
4 ,  5, and 6 

<o. 1 

0.1-0.5 

0.5-1.0 

1.0-2.0 

1.0-2.0 

1.0-2.0 

1.0-2.0 

>2.0 

>2.0 

Weak 

Moderate 

Moderate 

Strong 

Strong 

Very Strong 

Very Strong 

In t ense   o r  
Extreme 

I n t e n s e   o r  
Extreme 

'Video In tegra tor   Processor  

P lo ts   o f   the  MDR da ta  were made each  hour  for 3-h per iods  centered 

on each  of  the  nine  rawinsonde  observation times. The t h r e e   p l o t s  

were then combined i n t o  a s ing le   cha r t   fo r   each   o f   t he   n ine  times by 

using  the  highest  coded value  reported  for  each  block. 

b. Analytical  procedures 

Analytical   procedures  can  determine  the  success  or  failure  of an 

experiment  and,  therefore, m u s t  be considered  careful ly .   This   sect ion 



20 

descr ibes   the   p rocedures   tha t  were judged most advantageous  for   this  

s t u d y   i n   r e l a t i o n   t o   t h e   a v a i l a b l e   d a t a ,   t h e   t r a j e c t o r y  model,  and the  

objec t ives  of the   research .  

1) Object ive  analysis  and s m o t h i n g  

The development  and  use of a   t r a j ec to ry  model is  s i m p l i f i e d   i f  

da t a   a r e   i n t e rpo la t ed  from  randomly-spaced  rawinsonde s t a t i o n s   t o  

equal ly-spaced  gr id   points .  The grid  network  used  (Fig. 4) is  

centered  over   the AVE I V  da ta   a rea  and has  a  spacing of 158 km. Barr 

" e t   a l .  (1971) have shown t h e o r e t i c a l l y   t h a t   a  169-km g r i d   i n t e r v a l  
incorporates   as  much d e t a i l   a s  i s  j u s t i f i e d  from the  rawinsonde  net- 

work over   the  United  States .  

Fig. 4. Grid  used  for  numerical  computations. 
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Human analys is   o f   da ta  is still p re fe rab le  t o  any  object ive scheme 

tha t   has  been  devised,  but- . the number of  analyses  required  rendered hand 

ana lys i s   i n feas ib l e   fo r   t h i s   s tudy .   The re  w e r e  severa l   cons idera t ions   in  

the  choice  of an ob jec t ive   ana lys i s  and  smoothing  procedure  from  the 

s e v e r a l   t h a t  are d e s c r i b e d   i n   t h e   l i t e r a t u r e .  Such a procedure  should  in- 

t e rpo la t e   da t a   accu ra t e ly  from s t a t i o n s   t o   t h e   g r i d   w i t h o u t   c r e a t i n g   f i c -  

t i t i o u s  waves or destroying real waves p r e s e n t   i n  the data .  A l s o ,  t h e  

desired  resul ts   of   the   procedure  should  be  considered  careful ly   with re- 

spect  t o  the  input  data  density.   Since  the  average  spacing  of  rawinsonde 

s ta t ions   over   the   eas te rn   Uni ted   S ta tes  is about 350 km, fea tu res   w i th  

wavelengths  shorter  than  1400 km can  seldom  be  described  completely by 

any ob jec t ive   ana lys i s   u s ing   t h i s   i npu t   da t a .  

A n  ob jec t ive   ana lys i s  scheme by Barnes  (1964) was used i n   t h i s  i n -  

ves t iga t ion .  The procedure i s  r e f e r r e d   t o   a s   s u c c e s s i v e   c o r r e c t i o n s   t o  a 

f i r s t - g u e s s   f i e l d .  Data  from  each  rawinsonde s t a t i o n  were  allowed t o  

inf luence   g r id   po in ts   wi th in  a scan   rad ius   o f   th ree   g r id   d i s tances   whi le  

f o u r   i t e r a t i o n s  were  allowed. 

To suppress small waves which cannot  be  tracked  consistently,  as wel l  

a s   t h o s e  which  might a r i s e  due t o   t h e   a n a l y s i s  scheme and random e r r o r s ,  a 

nine-point f i l t e r  of  the  type  used by Shuman (1957) was app l i ed   t o   t he  

analyzed  f ie lds .  The f inal   resul t   re ta ined  approximately 90%  of t he  

amplitudes of  wavelengths  of 1400 km, and appeared t o  conta in   as  much de- 

t a i l  as could   be   jus t i f ied  from the  input   data   based on the  agreement  with 

hand analyses.  

The sur face   da ta  were analyzed  using a scan  radius  of 2 g r id   d i s -  

tances   with  four   i terat ions.   This   produced smooth f i e l d s  from  the  high 

dens i ty   su r f ace   da t a   t ha t  meshed with  the  larger-scale  rawinsonde  data.  

Gridded  analyses  of  height,  temperature, wind  components,  and 

moisture  content were produced a t  1 8   l e v e l s ,  i .e.,  t he   su r f ace  and a t  

50-mb i n t e r v a l s  from 900 mb t o  100 mb, for   each  of   the  nine t i m e  periods.  

Winds a t  t he   i nd iv idua l  18 l e v e l s  were averaged  over 50 mb layers which 

reduced random e r ro r s .  These  gridded  values w e r e  s to red  on a computer 

d i sk  and  formed t h e  working da ta  set  f o r   a l l   p h a s e s  of  the  research. 

2 )  Numerical evaluation  of  equations 

In  calculat ions  not   encompassing  the  t ra jector ies ,   centered 
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f i n i t e   d i f f e r e n c e s  were used t o  compute a l l  ho r i zon ta l   and   ve r t i ca l  

de r iva t ives  except those a t  the surface and 100 mb where  forward  and 

backward d i f f e rences  w e r e  u sed   fo r   ve r t i ca l   de r iva t ives .  T ime  

d e r i v a t i v e s   a l s o  were eva lua ted   us ing   cen tered   d i f fe rences  where  pos- 

s ib le ,   bu t   forward   d i f fe rences  a t  t h e  first per iod  and  backward d i f -  

ferences a t  the las t  per iod were required.  A l l  computerized  numerical 

ca l cu la t ions  were  performed on t h e  Amdahl 470V/6 computer a t  Texas A&M 

University.  

3)  Computation  of v e r t i c a l   v e l o c i t i e s  

Large-scale  vertical  motion  cannot  be  measured  directly, and  no 

method cur ren t ly   ava i lab le   for   de te rmining   ver t ica l   mot ion  i s  completely 

accurate.  The kinematic method w a s  used i n  this research  because it 

involved  the least stringent  assumptions and  produced good r e s u l t s -  

Details  of  the  procedures  used are given by  Wilson  and  Scoggins  (1976) 

and  Wilson  (1976).  Terrain-induced  vertical  motion w a s  included, and 

a cor rec t ion  scheme by O'Brien  (1970) w a s  appl ied so the   va lues   o f  

v e r t i c a l  motion a t  100 mb would equal the values   obtained by the 

ad iaba t i c  method. The a d j u s t m e n t   f a c t o r   s i g n i f i c a n t l y   a f f e c t s   v e r t i c a l  

motion i n  l e v e l s  above  about 500 mb. Application  of an  adjustment 

f a c t o r  is  necessary  because  the  accuracy  of wind d a t a  and r e s u l t i n g  

d ivergence   ca lcu la t ions   decrease   wi th   a l t i tude .   Adiaba t ic   va lues  a t  

100 mb were chosen  because  they are obtained  independently  of  kinematic 

values  and are more real is t ic   than  an  assumption  of   zero a t  each  gr id  

point .  

The kinematic method has  been  used  widely in   p rev ious   research .  

Vincent e t  al. (1976) suggested  that  it i s  b e t t e r   t h a n   t h e   q u a s i -  

geostrophic form of   the omega equat ion.   Further   support   for   the 

kinematic method has  been  given by such   inves t iga tors  as Chien  and 

Smith  (1973),  Smith  (1971),  Fankhauser  (1969),  and Kung (1973). More- 

over ,  Wilson  (1976) ind ica t ed   t ha t   va lues  of k inemat i c   ve r t i ca l  

v e l o c i t y   r e l a t e d   b e t t e r  t o  areal coverage and i n t e n s i t y   o f   p r e c i p i t a t i o n  

dur ing   the  AVE I V  experiment   than  did  values   of   adiabat ic   ver t ical  

ve loc i ty .   These   resu l t s  were  based upon s t a t i s t i c a l  comparisons  between 

k inemat ic   and   ad iaba t ic   ver t ica l   ve loc i t ies  a t  va r ious   p re s su re   l eve l s  

and prec ip i ta t ion   in tens i ty   ca tegor ies   de te rmined  from JIDR data ,  

" 
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C. Trajectory  Calculat ions 

The main f a c t o r s  which hinder  an exact   evaluat ion  of   meteorological  

t r a j e c t o r i e s  are the  relative sparsi ty   of   observat ions  in   t ime and 

space,   the  inaccuracy  of  observations,  and t h e   f a c t   t h a t   l a r g e - s c a l e  

ve r t i ca l   ve loc i t i e s   a r e   imposs ib l e   t o   obse rve  and d i f f i c u l t   t o   c a l c u l a t e  

(Djuric,  1961). The use  of AVE I V  d a t a   p a r t i a l l y  overcomes these 

d i f f i c u l t i e s  so t h a t   t h e   c a l c u l a t i o n  of t r a j e c t o r i e s  becomes both 

f e a s i b l e  and useful .  

The inpu t   da t a   fo r   t r a j ec to r i e s   cons i s t ed   o f   ob jec t ive ly   g r idded  

u,  v, and w components, potent ia l   temperature  ( e ) ,  and geopotent ia l  

height  (@) ava i l ab le   a t   va r ious   p re s su re   l eve l s  and a t   s u c c e s s i v e  

time  periods. The gr idded  data  set f o r  AVE I V ,  which  meets these  

c r i t e r i a ,   h a s  been  described  previously. 

A l l  t r a j e c t o r i e s   i n  AVE I V  were  computed  backward i n  time t o   i n s u r e  

t h a t   a i r   p a r c e l s  would t e rmina te   t he i r   pa ths   exac t ly   a t  a given  gr id  

po in t  on a given  pressure  surface.  The mathematical  procedure  used 

t o   c a l c u l a t e   t r a j e c t o r i e s  backward i n  time  from  wind f i e lds   de f ined  i n  

Euler ian   space   b r ie f ly  i s  described below (Collins,  1970; Thomas, 1971) .  

Consider ing  one  gr id   point ,   in  one dimension,  "x", a f i r s t  

approximation to   the  displacement   for   one  t ime  s tep is  given by 

Axl = u .  A t  t 
1 

(10) 

where Ax is the  displacement,  u i s  the wind  component, A t  is the  time 

s t e p  (3 o r  6 h ) ,  i i s  t h e   i n i t i a l   p o i n t ,  t is  t h e   i n i t i a l   t i m e ,  and "1" 

is t h e   i t e r a t i o n  number. Figure 5 shows schematically  the "first  guess1t 

displacement   calculat ion  for  a hypo the t i ca l   pa rce l   t r a j ec to ry  when a l l  

three dimensions  qre  included. 

Af t e r   i n i t i a l   d i sp l acemen t ,  l'nl' in terat ions  are   performed  using 

the  expression 

Axn = [ ( u l  + ~ ~ - ~ ~ ) / 2 ] A t  n-1 

where  u t-At is t h e  wind  component  from the  previous t i m e  s t e p   i n t e r -  

polated a t  the   po in t  x given by  x = xi -  AX^-^. From the   sur face  
n- 1 

n-1 n-1 
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Fig. 5.  Schematic  diagram  of  the  "first   guess ' '   three- 
dimensional  (x,y,p  system)  parcel  motion  in 
t h e   t r a j e c t o r y   m d e l  between  times ' I t "  and 
I ' t - A t ' ' .  

t o  100 mb, the  three-dimensional wind is  in t e rpo la t ed  between l e v e l s  and 

gr id   po in ts   us ing   t r i - l inear   in te rpola t ion   for   each  component displace-  

ment. When  Ax - Ax < E ,  Axn i s  accepted as t h e   t r u e  backward displace-  

ment i n   t h e  ''x" d i r ec t ion .  The 3-dimensional t r a j e c t o r y  is determined by 

combining Ax n ,  Ay,, and Ap . Subsequently, a i r  parcels   can  be  t raced 

backward i n  t i m e  and the   t o t a l   t ime   de r iva t ive   o f  a bas ic   var iab le   ( say  x) 
may be  approximated  by Ax/At. 5 had values  of 0.5 km f o r   t h e  "x"  and  "y" 

d i r e c t i o n s  , and 0.2 m b  €or the  "p" d i r ec t ion .  

n n-1 

n 

Calculat ions were made a long   t r a j ec to r i e s  for  t h e   t o t a l   d e r i v a t i v e s  

of t he  u and v wind components (- and -1 , pressure  (-1 p o t e n t i a l  tern- 

pera ture  (-1 and horizontal   k inet ic   energy f z  d(KE) } for t h e  last  e i g h t  

du dv dP 
d t   d t   d t  

de 
d t  

consecutive times of AVE I V  (backward  displacement i n  t i m e  makes calcula-  

t i ons   imposs ib l e   fo r   t he   f i r s t  time pe r iod ) .  A t  each time period,  gridded 

t r a j e c t o r y   d a t a  were computed f o r  100-mb i n t e r v a l s  between 900 and 100 m b  

and a l s o  a t  t h e  850-mb surface.  In  addi t ion ,   ind iv idua l  a i r  pa rce l s  were 

t raced backward i n  time throughout  the  entire  experiment by loca t ing  

success ive   pos i t ions  (,X, y,  p) of the  parcels  over  the  network. Computer- 

p lo t t ed   t r a j ec to r i e s   d i sp l ayed   ac tua l   pa rce l   pa ths   du r ing   t he   expe r imen t  

f o r   t h o s e   p a r c e l s   s t a r t i n g  a t  c e r t a i n   p r e s s u r e   l e v e l s  and g r id   po in t s  of 
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the  l as t  observation  period (25 Apri l  a t  1200 GMT). A l l  q u a n t i t a t i v e   r e -  

s u l t s  from the t r a j e c t o r y   c a l c u l a t i o n s  were s tored on a computer d i s k   t o  

be used later,  along  with  the  ba-sic  gridded  data i n  t h e  s t a t i s t i c a l ,  

synoptic, and  dynamic analyses .   This   included  calculat ion of average 

values of g r idded   t r a j ec to ry   da t a   a s  a function of p re s su re   l eve l  and 

var ious   in tens i ty   ca tegor ies   o f  MDR da ta   us ing   da ta  from a l l  AVE I V  time 

periods.  The s p a t i a l   v a r i a t i o n  of the   quant i t ies  i n  r e l a t i o n s h i p   t o   t h e  

convec t ive   ac t iv i ty  was a l so   s tud ied  and the  temporal   var ia t ion examined 

during  the  formation,  maintenance, and d i s s ipa t ion  of a reas  of convective 

a c t i v i t y .  
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4. RESULTS 

a. Synopt ic   s t ruc ture  and radar  echo  analysis  (from MDR da ta )  of 
AVE I V  

R e s u l t s   i n   t h i s   s e c t i o n   e s t a b l i s h   t h e  temporal and spatial rela- 

- 
" 

t ionships  between f e a t u r e s   i n   t h e   s y n o p t i c   s t r u c t u r e  and i d e n t i f i e d  

systems  of   precipi ta t ion and   convec t ive   ac t iv i ty   for  a l l  consecutive 

t imes  of AVE I V  e x c l u d i n g   t h e   f i r s t  release t i m e  ( 2 4  A p r i l  a t  0000 

GMT).  Discussions w i l l  r e f e r   t o   t hese   e igh t   consecu t ive   pe r iods  

separately  in   Figs .   6(a-e)   through 13(a-e) where analyzed spat ia l  f i e l d s  

of  radar,   surface,  and  upper-level  data are shown. 

1) Radar (MDR) ana lys i s   o f   p rec ip i t a t ion  

Figures 6a-13a are  composite MDR cha r t s   o f   p rec ip i t a t ion   i n t en -  

s i t y  where each coded value  represents   the  highest   radar   re turn  in-  

t e n s i t y   r e p o r t e d   i n  an MDR block  during a 3-h per iod  surrounding  the 

rawinsonde release times. A l l  areas o f   r epor t ed   p rec ip i t a t ion   i n   each  

cha r t  have  been  outl ined  and  "systems"  of  precipitation are i d e n t i f i e d  

from the  spa t i a l  and  temporal  distribution  of  these areas as ind ica ted  

by t h e  l e t t e r s  A-E. A l l  shower  and thunders torm  ac t iv i ty  (MDR22) has  been 

sca l loped   i n   each   cha r t   t o   i den t i fy   be t t e r   t he   l oca t ion  and movement 

of  each  storm  system ( a l l  ident i f ied  systems  contained  showers   or  

thunderstorms) . 
Systems A ,  B ,  and C are shown in  Fig.   6a.  System A represents   the  

f i r s t  of two areas of  severe  thunderstorms (MDRL8) t h a t   o c c u r r e d   i n  AE IV. 

This  system moved consistently  eastward  through  the  network  start ing 

i n   t h e   c e n t r a l   P l a i n s   S t a t e s  a t  0600 GMT 24 April .  While moving east- 

ward the  system  slowly  dissipated  by 0000 GMT 25  A p r i l  so t h a t  

(Fig. l l a )  only  l ight   thunderstorms and rainshowers (maximum MDR=2) 

were located  over   the  southern and  middle  Appalachians. By 1200 GMT 

25 A p r i l ,  A w a s  located  off   the  North  Carolina  Coast  (Fig.   13a).  

System B w a s  an area of  l ight-to-moderate shower  and  thunder- 

shower a c t i v i t y  (MDK-4) c lose ly   assoc ia ted   wi th  and usually  connected 

t o  System A. Separat ion  of   the two systems w a s  done on the   bas i s   o f  

prec ip i ta t ion   in tens i ty .   This   sys tem  a l so  moved consis tent ly   eastward 
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a. Composite MDR precipitation  analysis 

b. Surface  pressure and frontal  analysis 

Fig. 6. Analyzed fields  of  (a) MDR precipitation  systems, (b) surface 
pressure  (fronts  superimposed) , (c) geopotential height, temper- 
ature, and wind at 850 and 500 mb, (d) vertical  velocity at 850 
and 500 mb, and (e) mixing  ratio at 850 and 500 mb at 0600 GMT, 
24 April 1975. 



C. 
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850 m b  

500 nib 
d. Vert ical   veloci ty   (pbars  s-l) (upward areas  are  shaded).  

Fig. 6. (Continued) 
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850 m b  

500 mb 
e. Mixing r a t i o  (g k9-I) (a reas  of convection  are  scalloped) - 

Values greater tha,n 10 and 2 g kg-’ a r e  shaded a t  850 and 
500 mb, respec t ive ly .  

Fig. 6. (Continued) 
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a. Composite MDR prec ip i t a t ion  analysis 

b. Surface  pressure and f r o n t a l  analysis 

Fig. 7. Same as Fig. 6 except   for  1200 GMT,24 April  1975. 
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850 mb 

500 mb 
c. Geopotential height (m) (solid lines), temperature ( C)(dashed lines), 

0 

and vector wind (-25 m s’l) . 
Fig. 7. (Continued) 
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500 mb 
d. Ver t ica l   ve loc i ty  (pbars s-l) (upward a reas  are shaded). 

Fig.  7. (Continued) 
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850 m b  

500 mb 
e. Mixing r a t i o  ( g  kg- l )   (a reas  of convection are sca l loped) .  

ya lues   g rea te r   than  10 and 2 g kg-’ a r e  shaded a t  850 and 
500 rnb, respec t ive ly .  

Fig. 7. (Continued) 
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a. Composite MDR precipitation  analysis 

b. Surface  pressure and frontal  analysis 

Fig. 8. Same  as Fig. 6 except  for  1500 GMTr24 April 1975. 
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850 m b  

500 mb 
C. Geopotential   height ( m )  ( so l id   l i nes ) ,   t empera tu re  ( C) (dashed l i n e s ) ,  

0 

and vec tor  wind (-+=25 m s-l). 

Fig. 8. (Continued) 
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850 mb 

500 mb 
d.   Vert ical   veloci ty   (pbars  s-l) (upward areas  are  shaded) . 

Fig. 8. (Continued) 

" 
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850 m b  

500 mb 
e. Mixing r a t i o  (g kg’l) (a reas  of convect ion  are   scal loped) .  

Values grea te r   than  1 0  and 2 g kg’’ are shaded a t  850 and 
500 mb, respec t ive ly .  

Fig. 8. (Continued) 
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a. Composite MDR precipitation  analysis 

b. Surface  pressure and frontal analysis 

Fig. 9. Same as Fig. 6 except for 1800 GMT, 24 April 1975. 
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850 mb 

Fig. 9. (Continued) 
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850 mb 

500 mb 
d. Vert ical   veloci ty   (pbars  s'l) (upward areas  are  shaded).  

Fig. 9. (Continued) 
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850 mb 

500 m b  
e. Mixing ra t io  (g kg-l) (areas of convection are sca l loped) .  

Values  greater  than 10 and 2 g kge1 a r e  shaded a t  850 and 
and  500 mb, respec t ive ly .  

Fig. 9. (Continued) 
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a. Composite MDR p r e c i p i t a t i o n   a n a l y s i s  

b. Surface  pressure  and  f rontal   analysis  

Fig. lo. Same as Fig. 6 except  for 2100 GMT, 24 A p r i l  1975. 

” 
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850 mb 

500 mb 
c.  Geopotential  height (m) ( so i l i d   l i nes ) ,   t empera tu re  ( C) (dashed  l ines) , 0 

and vector  wind (“+=25 m s’l) . 
Fig. 10. (continued) 
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850 mb 

500 mb 
d. Ver t ica l   ve loc i ty   (pbars  s-l) (upward areas are  shaded).  

Fig.  10.  (Continued) 
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850 mb 

500 m b  
e. Mixing ra t io  ( g  kg-’) (a reas  of convection are sca l loped) .  

Values  greater  than  10 and 2 g kg’l are shaded a t  850 and 
500 mb, respec t ive ly .  

Fig.  10.  (Continued) 
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a.  Composite MDR prec ip i ta t ion   ana lys i s  

b. Surface  pressure and f ron ta l   ana lys i s  

Fig. 11. Same as   Fig.  6 except f o r  0000 GMT, 2 5  Apri.1 1975.. 
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850 mb 

Fig. 11. (Continued) 



49 

850 m b  
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850 m b  

500 mb 
e. Mixing ratio (g kq-l)  (areas of Convection are scalloped) . 

Values  greater t m  10 and 2 g kgc1 are shaded at 850 and 
500 mb, respectively. 

Fig. 11. (Continued) 
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a. Composite MDR p rec ip i t a t ion   ana lys i s  

b. Surface  pressure and f ron ta l   ana lys i s  

Fig. 12. Same as Fig. 6 except   for  0600 GMT, 2 5  April  1975, 
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850 mb 

500 mb 
c. Geopotential   height (m) ( s o l i d   l i n e s )  , temperature ( C) (dashed   l ines) ,  

0 

and vec tor  wind (+-25 m s-l) . 
Fig. 1 2 .  (continued) 
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850 m b  

500 mb 
d. Vert ical   veloci ty   (pbars  s-l) (upward areas   are   shaded) .  

Fig. 1 2 .  (Continued) 
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850 mb 

500 mb 
e. Mixing r a t i o  (q kg-l) (a reas  of convection are scal loped)  . 

Values  greater  than 1 0  and 2 q kg"' are shaded a t  850 and 
500 mb, respec t ive ly .  

Fig. 1 2 .  (Continued) 
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a. Composite MDR precipitation  analysis 

b. Surface  pressure and frontal  analysis 

Fig. 13. Same as Fig. 6 except  for 1200 GMT, 25 A p r i l  1975. 
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850 m b  

500 m b  
c. Geopotential   height (m) ( s o l i d   l i n e s )  , temperature ( C) (dashed  l ines)  , 0 

and vector wind (-25 m s’l). 

Fig. 13. (Continued) 
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850 m b  

500 m b  
d. Vert ical   veloci ty   (ubars  s’l) (upward a reas   a re   shaded) .  

Fig. 13. (Continued) 
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850 mb 

500 mb 
e. Mixing ratio ( g  kg’l) (areas of convection are scalloped) . 

Values greater  than 10 and 2 g kg’’ are shaded at 850 and 
500 mb, respectively. 

Fig. 13. (Continued) 
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through the network f r o m  i ts  i n i t i a l   l o c a t i o n   i n  the upper Ohio 

Valley  (Fig.  6a) to  a f i n a l   p o s i t i o n  off t h e  New England coast (Fig. 

12a) while  maintaining  moderate  intensity.  

System C w a s  also of l ight-to-moderate  intensity  and w a s  loca ted  

i n i t i a l l y   a l o n g  the U. S. A t l a n t i c  coas t  from  North  Carolina t o  Maine 

(Fig.  6a). Movement of   the  system w a s  eastward  and by  1800 GMT 

24 A p r i l  (Fig.  9a) the p r e c i p i t a t i o n  w a s  outside  the  network. 

System D w a s  f i r s t   d e t e c t e d  as an area o f   l i g h t - t o a o d e r a t e  

shower ac t iv i ty   ex t end ing  f r o m  western Kansas in to   cen t ra l   South  Dakota 

a t  1200 GMT Apr i l  24 (Fig.  7a). Movement of  the  system w a s  slowly 

eastward  and  the  intensi ty   of   precipi ta t ion w a s  increas ing .  By 

0000 GMT Apr i l  25 (Fig. l l a )  a few MDR values  of 6 were detected  over  

eastern  South Dakota  and  Minnesota.  Afterwards, D cont inued  to  move 

s lowly   eas tward   in to   I l l ino is   whi le   decreas ing  i n  areal   coverage and 

in tens i ty   (F igs .   l l a -13a)  . 
System E was the  second  of t w o  areas of  severe  thunderstorms  to 

develop  and move through  the AVE I V  network. It w a s  i n i t i a l l y  

d e t e c t e d   i n  eastern Kansas a t  1800 GMT 24 A p r i l  (Fig.  9a)  as a small 

area of moderate to   s t rong  thunderstorms.  By 0000 GMT 25 Apr i l  

(Fig. l l a )  this   system  had  developed  into a long  l ine  of   severe   thunder-  

storms from w e s t  Texas t o   c e n t r a l   I l l i n o i s   t h a t  moved rapidly  eastward 

in to   t he   sou theas t e rn  states (Figs.   l la-13a) by 1200 GMT 25 A p r i l .  

Over 30 r epor t s  of severe  weather t i t  the   sur face  were logged  during 

the   l i f e   cyc le   o f   t he   s to rm  sys t em  inc lud ing   t he  Neosho, Missouri 

tornado  that   caused 3 deaths ,  22 i n j u r i e s ,  and  $10.5 m i l l i o n   i n  

property damage. 

In   the   fo l lowing   sec t ions   o f   the   repor t ,   the   p rec ip i ta t ion   sys tem 

codes  es tabl ished above (i.e., A-E) w i l l  be  used when r e f e r r i n g  to  the 

r e l a t ionsh ips  between  atmospheric  structure  and  formation,  maintenance, 

and d i s s ipa t ion   o f   convec t ive   ac t iv i ty .  

2 )  Sur face   ana lys i s  

A t  the   beginning of the  experiment  (Fig. 6b), t h r e e  a i r  m a s s  types 

were d i s t ingu i shab le  a t  the   sur face   over   the  AVE I V  network. A moist 

and w a r m  maritime t r o p i c a l   a i r  mass was moving northward  over  the 
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network  with  strong  southerly  flow  around a h igh   pressure   cen ter  

(1030-mb c e n t r a l  pressure) located  about  500 km o f f   t h e  coast o f   t h e  

Carolinas.  Maritime t r o p i c a l  a i r  covered almost two t h i r d s   o f   t h e   n e t -  

work extending  from central Texas  and Oklahoma eastward  through a l l  

of   the Gulf  Coast  and  Middle A t l a n t i c   S t a t e s  and  northeastward  into 

the  Ohio Valley. 

A cold  f ront ,   extending  southwestward  into Kansas from a moderately 

strong  cyclone (1000-mb center)  over  northern  Michigan,  separated  the 

mari t ime  t ropical  a i r  from the cooler  and d r i e r   c o n t i n e n t a l   p o l a r  a i r  

moving southward  over  the  northern  Plains State, while a warm front, 

extending  southeastward  from  the  cyclone  into  Pennsylvania,   separated 

con t inen ta l   po la r  a i r  over  New England  from maritime t r o p i c a l  a i r  over 

the  Ohio Valley. A second  cyclone (1000-mb cen te r )  w a s  located  over  

t h e  Kansas-Oklahoma border  with a c o l d   f r o n t   o r   d r y   l i n e   e x t e n d i n g  

southward i n t o  w e s t  Texas sepa ra t ing  the very   d ry   cont inenta l   t rop ica l  

a i r  from t h e  maritime t r o p i c a l  a i r  over east Texas. A t h i r d  and weaker 

cyclone w a s  j u s t   e n t e r i n g   t h e  network i n  western Nebraska  and  South 

Dakota . 
Temperatures  over  the AVE I V  network  ranged  from 25OC along the 

Gulf  Coast t o  5°C in   t he   no r the rn   P l a ins  States, and dew po in t  tempera- 

tures  ranged  from 2OoC t o  - 1 O O C  between the   t rop ica l   and   po la r  a i r  

masses. 

The cyclone in   no r the rn  Michigan moved slowly  eastward  during  the 

experiment  and was loca ted   o f f   t he  Maine coas t  a t  t h e  l as t  t i m e  per iod 

(Figs.  6b-13b). The assoc ia ted  w a r m  f r o n t   a l s o  moved o f f   t h e   c o a s t  

whi le   the   t ra i l ing   co ld   f ront   mved  s lowly   southeas tward  and passed 

through most of the  New England  and  Mid-Atlantic  States. 

The second l o w  pressure   cen ter   over   the  Kansas-Oklahoma border   a l so  

moved slowly  eastward  through the middle  Mississippi  Valley  into 

Kentucky. This pushed the  associated  cold  f ront   s lowly  southeastward 

through  most of Oklahoma and Missouri   while  the  southern end o f   t h e  

f r o n t  remained  anchored in   wes t e rn  Texas in   c lose   a s soc ia t ion   w i th   t he  

"dry  l ine" .  

The  low p res su re   cen te r ,   i n i t i a l ly   ove r   t he   no r the rn   p l a ins ,  w a s  

very weak and poorly  def ined a t  the   su r f ace .  Only a t  1500  and 1800 GMT 



24 A p r i l  (Fig. 8b and  9b) d i d  a closed low p res su re   cen te r   ex i s t ,  

although a weak pressure  trough  could  be  seen moving slowly  eastward 

i n t o  Wisconsin  and I l l i n o i s   d u r i n g  the las t  two time periods.  

Two high  pressure  centers ,   one  located east of  the  Carolinas  and 

the other  north  of  Minnesota  (Fig.   6b),   mved  eastward  about 400 km 

during the 36 hours  of  the  experiment  in  response  to  the  eastward 

movement of  the surface  cyclones.  

Clear r e l a t i o n s h i p s   e x i s t  between the  location  and move- 

ment of   sur face   fea tures  and a reas   o f   p rec ip i t a t ion  (see Figs.  6a  and b 

through  13a  and  b).  System A developed  ahead  of  the  cold  front  in  the 

c e n t r a l   P l a i n s  States and  moved.as a p r e - f r o n t a l   s q u a l l   l i n e   u n t i l  it 

d i s s i p a t e d   i n t o   l i g h t  showers eas t   o f   t he  North  Carolina  coast .  System B 

developed  along  the  northern  edge  of  the same f r o n t  and moved east- 

ward ahead  and  along  the  frontal   surface as it passed  through  the 

North At l an t i c  States. System C w a s  located  a long and north  of   the  

warm f r o n t   i n  New England i n  Fig. 6b and moved o f f   t he   coas t  as i ts  

associated  cyclone  t raveled  eastward  into Canada (Fig.   8b).  The 

l i g h t   p r e c i p i t a t i o n   i n  System D was c lear ly   assoc ia ted   wi th   the   sur face  

l o w  and pressure  t rough  in   the  Northern  Plain%  while  E formed along 

the   co ld   f ront  and  dry l i n e   i n  Oklahoma, Kansas,  and  Texas  (Fig. l ob )  
and moved eastward as another   p re- f ronta l   squa l l   l ine .  

3) Upper-air   analysis  of  geopotential   height,   temperature,  wind, 
moisture ,   and  ver t ical   veloci ty  

Figures  6c  through  13c are analyzed  f ie lds  of geopotent ia l   height  

(m) ( s o l i d   l i n e s )  , temperature ("C) (dashed  l ines)  , and vector  wind 

f o r   t h e  850- and 500-mb l eve l s .  The length  of  each wind vector  is 

propor t iona l   to   the  wind speed ( m  s'l) where the  . length  of  one  grid 

in t e rva l   (d i s t ance  between two ad jacen t   t i ck  marks that  surround  each 

f igu re )  is 25 m s . Figures 6d through  13d are f i e l d s   o f   v e r t i c a l  

veloci ty   (pbars  s where  shaded is upward motion) a t  t he  850- and 

500-mb levels.  Figures  6e  through  13e are t h e  mixing r a t io   ana lyses  

(g  kg-' where va lues   g rea te r   than  10  g kg  and 2 g kg are shaded 

a t  850 mb and 500 mb, respec t ive ly )   fo r  the same l e v e l s  and t i m e  

per iods  previously  descr ibed.  A l l  f i e l d s  are from the   bas ic   g r idded  

d a t a  set. 

-1 

-1 

-1 -1 



62 

Examination  of the vec tor  wind  and h e i g h t   f i e l d s  show the flow 

pat tern  to   be  near ly   zonal   over   the  experiment  area with  several  

weak-to-moderate strength  short-wave  perturbations  (half  wave- 

lengths < 1000 km) moving rap id ly   eas tward   across   the   cen t ra l  and north 

sections  of  the  network. These troughs (shown as wide  dashed l i n e s  

a t  850 mb in   F igs .  6c-13c)  usually  extended i n  the southward  direc- 

t i o n  from three  s lowly  mving low pressure  centers  shown i n   t h e   h e i g h t  

analyses. The lows a l o f t  were the   upper -a i r   re f lec t ions   o f   the   th ree  

sur face   cyc lones   d i scussed   ear l ie r  as revealed by t h e   s p a t i a l  and 

temporal  continuity  of  the  systems. However, t h e  stable short-wave 

t roughs   tha t  moved rapidly  eastward  along a moderately  strong  baro- 

c l i n i c  zone (containing  the  polar  j e t )  running  southwest-northeast 

through  the  center  of  the  network, were d i r ec t ly   r e spons ib l e   fo r   t he  

development and movement of   each   prec ip i ta t ion  system previously 

described (500-mb r e l a t i v e   v o r t i c i t y   c e n t e r s ,  marked with X ' s  i n  

Figs.  6c-l3c, mre c lear ly   def ine   these   shor t   waves) .   In   addi t ion ,  

the v e r t i c a l   v e l o c i t y  and  mixing r a t i o   f i e l d s   a l s o   c o n t a i n   f e a t u r e s  

c losely  associated  with  t rough  posi t ions and  movements. 

Superimposed  on the  mixing r a t io   ana lyses  are scalloped  zones 

out l in ing   a l l   convec t ive   p rec ip i ta t ion   a reas   de te rmined   in  t he  MDR 

ana lys i s .   Spa t ia l  and  temporal  comparisons  between  these coded 

p rec ip i t a t ion  areas (A-E) and atmospheric   s t ructural   features   contained 

in  Figs.  6c,  d,  and e through  13c,  d, and e revea l  some of  the rela- 

t ionships  between  the  synoptic s t ruc ture  and convect ive  act ivi ty .  

These re la t ionships   (d i scussed  below) a re   c l ea r ly   e s t ab l i shed  a t  

any given time p e r i o d   i n  AVE I V  and  good time  continuity between suc- 

cessive 3-and 6-h pe r iods   g ives   c r ed ib i l i t y   t o   t hose   r e su l t s .  

'From  Fig.  6, it i s  ev iden t   t ha t  systems A, B,  and C a r e   a l l  

l oca t ed   ea s t  o r  southeas t  of short-wave  troughs a t  850 mb tha t   genera l ly  

slope w e s t  o r   n o r t h w e s t   t o   t r o u g h s   o r   v o r t i c i t y   c e n t e r s   a t  500 mb 

(Fig.   6c).  E a s t  and southeast   of   the   t roughs,   s t rong upward v e r t i c a l  

veloci ty   occurred a t  both 850  and 500 mb (Fig.  6d) and  tongues  of 

higher  moisture  content  also  existed a t  both  levels .  West of  each 

t rough ,   p rec ip i t a t ion   f a i l ed  to  develop, a i r  w a s  subsiding, and  zones 
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of  lesser  moisture  content  were  evident.  Systems D and E were a l s o  

associated  with  the  eastward movement of   t roughs   a lof t   as   seen   in  

Figs. 7c  and  9c. The temporal  continuity of each  trough  (and i t s  

as soc ia t ed   ve r t i ca l   ve loc i ty  and  moisture  distribution) is exce l len t  

i n   r e l a t i o n s h i p   t o   t h e  development  and movement of a l l   p r e c i p i t a t i o n  

systems. This i s  p a r t i c u l a r l y   c l e a r   i n   F i g s .  11, 1 2 ,  and 13  where 

a s t rong  and developing  trough moves eastward  through  the  center of 

the  network  producing  System E. However, sur face   re f lec t ions   o f   the  

troughs  are  seldom  seen  as  developing  cyclones  during AVE IV so t h a t  

the  re la t ionships   between  surface  f rontal  system and storm develop- 

ment are  not  exceedingly  strong.  Instead,  these  short-wave  system 

move rapidly  eastward  along  a  rather  broad  baroclinic  zone,  advecting 

(horizontal ly  and ver t ical ly)   moisture  ahead  of  the  systems  while 

s t rong upward v e r t i c a l   v e l o c i t y   r e l e a s e s   p o t e n t i a l   i n s t a b i l i t y   t o  

produce  thunderstorms.  Large  horizontal  temperature  advection i s  

impossible  within  these waves since  system  speeds  are  large 

and  wavelengths are  small.  This  suppresses  amplification  of  the waves 

i n t o  long-wave troughs  while  stable  system movement is  d ic t a t ed  by 

the  rapid  adiabatic  cooling and  warming wi th in   the   l a rge   ver t ica l  

veloci ty   centers   associated  with  the waves.  These v e r t i c a l   v e l o c i t i e s  

are   capable   of   quickly  re leasing  instabi l i ty   a l ready  present  i n  the   pa th  

of wave propagation and suppressing it a f t e r  wave passage  (Holton, 1 9 7 2 ) .  

b. Ind iv idua l   p lo t t ed   t r a j ec to r i e s  

Analysis of t h e   r e s u l t s  from t ra jec tory   ca lcu la t ions  i s  somewhat 

d i f f i c u l t   t o   p r e s e n t   s i n c e   a i r   p a r c e l s  move three-dimensionally 

i n  space. One method for   p resent ing  a t r a j e c t o r y  i s  t o   P l o t  a 

hor izonta l  map showing the  previous  posit ions  (x and y)  of  a  given a i r  

parcel   a long w i t h  i ts  v e r t i c a l   p o s i t i o n  ( z  o r   p ) .  A l l  t r a j e c t o r i e s  were 

somputed  and p l o t t e d  backward i n  time  from g r i d   p o i n t s   l o c a t e d   a t  

var ious  (x ,   y ,   p)   posi t ions.  

Figures  14a-14e  are  f ive  examples  of  this  plott ing  technique  for 

a i r   pa rce l   t r a j ec to r i e s   pas s ing   ove r  .the AVE network i n  proximi ty   to  

System E and t e rmina t ing   t he i r   pa ths   a t  1200 G"J? 25 A p r i l   a t  850, 
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a .   Parce l   t e rmina t ing   a t  850 mb. 
( t i c k  marks a t   success ive  1 2 - h  pos i t ions  
a long   t he   t r a j ec to r i e s ) .  

Fig. 14 Trajector ies   of   a i r   parcels   passing  through  the AVE I V  network. 
All p a r c e l s   t e r n i n a t e   t h e i r   p a t h s   a t   g r i d   p o i n t s  on the  pressure 
l e v e l s   i n d i c a t e d   a t  1200 GMT, 25 April .  The ve r t i ca l   l oca t ion  
(pressure i n  mi l l i ba r s )  is  shown bes ide   t i ck  marks placed on 
each t r a j ec to ry   a t   success ive  3-h posi t ions  except  where  noted. 
Rising  and  sinking a i r  i s  denoted by s o l i d  and  dashed l i n e s ,  
respect ively.  Thin s o l i d   l i n e s  between t i c k  marks of some 
t ra jec tor ies   connec t   po in ts   a long   t ra jec tor ies   having   the  same 
date  and t ime  as  indicated.  The MDR composite  data  for 0600 
GMT, 25 April  are  superimposed i n  each  chart. 



b. Parcels  terminating  at 700 mb. 
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c. Parcel  terminating at 500 mb. 
Fig. 14. (Continued) 
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d. Parcels   terminat ing a t  300 mb. 

e. Parcels terminating a t  200 mb. 
Fig. 14. (Continued) 
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700, 50Q, 300, and 200 mb, respec t ive ly .  The ver t ica l   loca t ion   of   each  

parcel i s  l i s t ed   bes ide   " t i ck"  marks denoting the parcel's pressure  a t  

successive t i m e  per iods  of the experiment, w h i l e  s o l i d  and  dashed l i n e s  

show r i s i n g  and s inking a i r ,  respec t ive ly .   Thin   so l id   l ines   connec t   t i ck  

marks of some trajectories having common d a t e s  and times f o r  a i r  p a r c e l s  

that  remain within f150 mb of their f ina l   p re s su re   pos i t i ons .  By observ- 

ing  the changing area of   rec tangles   ou t l ined  by t h e s e   t h i n   s o l i d   l i n e s  and 

t r a j e c t o r y  paths a q u a l i t a t i v e  estimate of the quas i -hor izonta l   ve loc i ty  

divergence  can  be made. P a r c e l s   t h a t  move v e r t i c a l l y   i n  excess of +150 

mb are denoted by placing "stars" a long   t he   t r a j ec to r i e s  a t  successive 

t ime  per iods.   Trajector ies  are p l o t t e d   f o r  a l l  t ime  per iods  in  which 

each  parcel  remained  inside  the  grid  network. The MDR composite  chart 

f o r  0600 GMT Apr i l  25 i s  superimposed on each  chart .  

Figures 14a and  14b show the  quasi-horizontal   converging  of a i r  a t  

850  and 700 mb wi th in   the  immediate  thunderstorm  environment of System E. 

Parcels moving ahead and wi th in   the   s torm  a rea   o r ig ina ted   in   the   southern  

and western  sections  of  the  network and rose   i n   excess  of  25  and 100 mb 

before   ending   the i r   pa ths  a t  850 and 700 mb, respect ively.  Behind  and 

north  of  the  thunderstorms, a i r  pa rce l s  were s inking and moving toward 

the  storms from wes ter ly   d i rec t ions .  

For parce ls   ending   the i r   pa ths  a t  500 m b  (F ig .   14c )   ve ry   l i t t l e  

convergence or  divergence i s  ev ident .   S inking   a i r ,   in   excess   o f  75 mb, 
occurs  both  north and south  of  the  thunderstorms as a i r  pa rce l s  move 

zonally  across  the  experiment  area.  The a i r  parcel   passing  through  the 

immediate s t o m  environment r i s e s  from 632 t o  500 m b  between 1800 GMC 

24 Apri l  and  1200 GMT 25 April  while moving from Oklahoma to   V i rg in i a .  

In  the  upper  troposphere  (Figs.  14d and 14e) a i r  parce ls   t e rmina t ing  

a t  300 and 200 mb show strong  quasi-horizontal  divergence  around  and  over 

the  storm  environment  while  remaining  within f30 mb of t h e i r   f i n a l  pres- 

su re  pos i t ions .  The only  exception  occurs  in  Fig.  14d where t h e   a i r   p a r c e l  

moving over   the  center   of   the   s torm  area  r ises  from 728 t o  300 mb i n  re- 

sponse t o  extreme  divergence  aloft .   This  vertical   displacement  occurs 

between  1200 GMT 24 A p r i l  and 1200 GMT 25 A p r i l  while moving from south- 

w e s t  Texas t o  Kentucky ( a n  upward displacement of 372 mb in 24 h). 
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A four-dimensional  assimilation of a i r  flow i n   t h e  storm environment 

shows lower t ropospheric  a i r  to  be  convergent  while  supplying  moisture and 

hea t  from southern  and  southwestern  source  regions  into  the  leading  edge 

of the  storm  system.  This a i r  undergoes upward displacements of between 

-50 and -150 mb i n  1 2  h while moving into  the  pre-storm  environment. A i r  

in  the  post-storm  environment i s  subsiding a t  about the same rate. 

The mid-troposhere i s  primarily  nondivergent w i t h  t r a j e c t o r i e s  

usual ly   br inging a i r  from dryer  western and  southwestern  areas  into  the 

storm  environment (see Figs .  6-13 fo r   mo i s tu re   d i s t r ibu t ions ) .  Upward 

displacement of mid-tropospheric a i r  ( a t  t h e   r a t e  of about -50  mb/3h) 

occurs  within  the  radar-observed  storm area while   subsidence  a t .   the   ra te  

of  about 30 mb/3h ex i s t s   no r thwes t  and southeast   of   the   convect ive  s torm 

system. 

The upper-troposphere is  highly  divergent  over and  surround- 

ing  the  convective  storm  system  with  relatively small n e t   v e r t i c a l   d i s -  

placements  (k30 mb i n  1 2  h )   occu r r ing   i n  most a reas .  However, very  strong 

upward ve r t i ca l   ve loc i ty ,   c r ea t ed  by lnw-level  convergence  and upper- 

level   divergence,   causes   a i r   parcels   within  the  radar-observed storm area 

t o  rise l a r g e   v e r t i c a l   d i s t a n c e s   i n   s h o r t   t i m e   p e r i o d s  (as much as -300 mb 

i n  1 2  h ) .   T h i s   r e s u l t s  i n  tremendous v e r t i c a l   s t r e t c h i n g  and l i f t i n g  of 

layers   of  a i r  o r i g i n a t i n g   i n   t h e  warm and  moist  regions  of  the  lower 

t roposphere  as   they move into  the  area  of   the   s torm  system. Because  of 

veering winds  ahead  of  the  convective  storm  system,  mid-level dry a i r  

overrides  moist  low-level a i r  t o  produce  large  convect ive  instabi l i ty ,  

whi le   cont inued   l i f t ing  and s t r e t c h i n g   o f   t h i s   a i r   f i n a l l y   r e l e a s e s   t h e  

a v a i l a b l e   p o t e n t i a l   i n s t a b i l i t y .  Continuous a i r  motion in to   the   s torm 

environment  supplies  the  atmosphere  with new p o t e n t i a l   i n s t a b i l i t y  and 

maintains  the  "fuel"  for  the  convective  system  for  periods  in  excess  of 

1 2  h ,  even  though individual   c louds  in   the  system  usual ly   require   less  

than 1 h t o   r e a l i z e   e x i s t i n g   i n s t a b i l i t y  i n  t h e i r   u p d r a f t s .  

The above descr ipt ion  does  not ,  however, cons ider   the   e f fec ts   o f  

the  convective  system  transferring  heat,  momentum, and  water  vapor  into 

the  synopt ic  f l o w  and possibly  modifying  these  re la t ionships .  These SO 

cal led  "feedback"  effects   are   discussed  in   subsect ions  d-f .  
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c. Parcel energy  indices,  net vert ical   d isplacements  ( N V D ' s )  , 
convective storm del inea t ion  

To pa rame te r i ze   accu ra t e ly   t he   s t a t i c   s t ab i l i t y   o f   t he   a tmosphe re  

i n  AVE I V ,  a method w a s  dev i sed   t o   ca l cu la t e   ob jec t ive ly   bo th   t he  

amount of buoyant  energy  (ergs g ) necessary t o  be  added t o  a p a r c e l  t o  -1 

make it hydrostatically  unstable  (negative  buoyant  energy  or NBE) ,  and 

t h e  amount a v a i l a b l e   t o  be  converted  into  kinetic  energy  of  the upward 

v e r t i c a l   v e l o c i t y   ( p o s i t i v e  buoyant  energy o r  PBE) o r   " u p d r a f t "   i f   t h e  

parce l  were t o  become unstable.   For  each  t ime  period,  the  basic  gridded 

temperature  and  moisture  f ields  were  used  to  establish an environ- 

mental v i r tua l   t empera ture  (T ) sounding  (from 900 m b  t o  100 mb) 

"above"  each g r id   po in t   w i th   da t a   ava i l ab le   a t  50-mb i n t e r v a l s .  Each 

sounding w a s  then  scanned from 900 t o  700 mb t o  determine  the  value and 

pressure   l eve l   o f   the  maximum 8 A ( K E w )  was then  determined  for all 

50-mb layers  for  each  sounding  using  (5) and techniques  previously 

discussed. NBE was ca lcu la ted  by  summing al l   negat ive  buoyant   energy 

up t o  500 mb over   each  gr id   point   while  PBE r e su l t ed  from summing a l l  

posit ive  energy up t o  100 mb. A s  s t a t e d   e a r l i e r ,   s m a l l e r  NBE should 

cor re la te   wi th   the   increas ing   occur rence  of thunderstorms  while 

1arger 'PBE  should  re la te   to   the  increasing  intensi ty   of   convect ive 

a c t i v i t y .  

V 

e o  

Figures  15a  through 22a p resen t   t he  NBE and PBE s p a t i a l   f i e l d s  

(units of 10 e r g s  g ') fo r   the   l as t   e igh t   consecut ive   t ime  per iods  of 

AVE I V .  A s p a t i a l  comparison  between t h e  NBE f i e l d s  and areas   of  

convect ive  precipi ta t ion (MDRL2) f o r   a l l  t i m e  periods  has shown t h a t  

convection  usually  occurred i n  a reas  where NBE values  were  <200 x 10 

ergs  g-l  while  moderate and severe  convection was assoc ia ted   wi th  

va lues   < lo0  x 10  e rgs  g-'. For individual  comparisons,  Figs.  15c 

through 22c contain  scalloped  areas  enclosing  observed  convective 

act ivi ty ,   whi le   Figs .   6a   through  13a  present   actual   f ie lds   of  MDR 

values  . 

4 - 

4 

4 

While the  general   locat ions  of   s torms  are   accurately  del ineated 

with  the NBE index   f i e lds ,  PBE f i e l d s   r e l a t e   w e l l   t o   t h e   i n t e n s i t y  

with most MDK6 occurr ing i n  areas  of PBE values  < 500 x lo4 e rgs  g . -1 
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Fig. 15. Analyses of a )  parcel energy  indices,  b) n e t   v e r t i c a l   d i s -  
placements,  and c )  d iagnos t ica l ly   de te rmined   in tens i ty  cate- 
go r i e s  of convection for 0600 GMT, 24 A p r i l  1975. In (c), radar  
observed values of MDR L 2 are shown by scal loped areas. Lines 
labe l led   in   thunders torm  in tens i ty  categories ac tua l ly   apply  
t o   t h o s e  areas i n  (c)  lying on t h e  more i n t e n s e   s i d e  of t he  
i so l ines   s epa ra t ing   ca t egor i e s  of thunderstorm  intensity.  

.. 
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500 mb 
b. Net  vertical  displacements (mb/3h), 

Fig. 15. (Continued) 
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c. Diagnostic  delineation of convective  storm  location and in tens i ty .  

Fig.  15. (Continued) 



NBE 

F ig .  16. Same as Fig .  15 except for 1200 GMT, 24 April 1975. 

7 3  
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850 m b  

500 m b  
b. N e t  ve r t ica l  d i s p l a c e m e n t s  (mb/3h). 

F i g .  16. ( C o n t i n u e d )  
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c. Diagnost ic   del ineat ion of convective storm l oca t ion  and in t ens i ty .  

Fig. 16. (Continued) 
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NBE 

PBE 
a. Parcel energy  indices ( l o 4  e r g s  g - ’ ) .  

Fig.  17. Same as   Fig.   15  except   for  1500 GMT, 24  April 1975. 



850 m b  

500 mb 
b. N e t  v e r t i c a l   d i s p l a c e m e n t s  (mb/3h) 

Fig. 17.  (Continued) 
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c. Diagnost ic   del ineat ion of convective storm location a~;' I r l t Q l 1 r . j  t-:?. 

Fig. 17 .  (Continued) 
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NBE 

PBE 
a. Parcel energy  indices  ( l o 4  e rgs   g - l ) .  

Fig. 18. Same as Fig. 15 except for 1800 GMT, 24  A p r i l  1975. 
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850 mb 

500 rib 
b. N e t  ver t ica l   d i sp lacements  (mb/3h). 

Fig.  18.  (Continued) 
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c.   Diagnost ic   del ineat ion of convective  storm  location  and  intensity. 

Fig. 18. (Continued) 

". 
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a. Parcel energy i nd ices  ( l o 4  ergs g-’ ) .  

Fig. 19. Same as Fig. 15 except fo r  2100 GMT, 24 A p r i l  1975. 



850 mb 

8 3  
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Fig. 20. Same as Fig. 15 except for 0000 GMT, 25 April 1975. 
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850 m b  

500 mb 
b. N e t  ver t ica l   d i sp lacements  (mb/3h). 

Fig. 20. (Continued) 
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C. Diagnost ic   del ineat ion of convective  storm  location and i n t e n s i t y -  

Fig. 20. (Continued) 

L 
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Fig. 21. Same as Fig. 15 except for 0600 GM!T, 25  April 1975. 
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850 mb 

500 
b. N e t  ver t ica l   d i sp lacements  (mb/3h). 

Fig. 21. (Continued) 
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c.   Diagnostic  delineation of convective storm loca t ion   and   in tens i ty .  

Fig. 21. (Continued) 



PBE 
a. Parcel energy  indices  ( l o 4  e rgs   g - l ) .  

Fig. 22.  Same as Fig.   15  except  for 1200 GMT, 25 A p r i l  1975. 

I 
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850 m b  

500 m b  
b. Net ver t ica l   d i sp lacements  (mb/3h). 

Fig. 22 .  (Continued) 
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c. Diagnost ic   del ineat ion of convective  storm  location and i n t e n s i t y .  

Fig. 22.  (Continued) 
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I n   c o n t r a s t ,  heavy  and severe thunderstorms (MDR>6) are l o c a t e d   i n  

higher  PBE areas   wi th   the  two l i n e s  of severe   thunders tom  ( sys tems 

A and E) m v i n g  and  developing  into  regions  of PBE values  exceeding 

500 x 10  ergs  g . Areas in   excess   o f   th i s   va lue   occur red   on ly  i n  

the  southern and central   por t ions  of   the   network  coincident  w i t h  t he  

s t rong   in f lux   of   mois ture  and hea t  below 700 nb seen   in   the   synopt ic  

s t r u c t u r e  and t r a j ec to ry   p lo t   ana lyses .   Th i s   i n f lux   con t r ibu ted ,   i n  

pa r t ,   t o   dec reas ing  NBE and  increasing PBE values   before  and during 

storm  development. However, sur face  and  boundary layer   hea t ing   as  

wel l   as  dynamic l i f t ing   assoc ia ted   wi th   shor t -wave   t rough movement 

a l o f t ,   a l s o  changed the  energy  index  values   in   the same manner. I n  

general ,  NBE va lues   a re   c lear ly  smaller and PBE values   higher   during 

the daylight  hours (F igs -  17a  through  20a)  coincident w i t h  s t rong  

r a d i a t i o n a l  warming i n  the  lower  troposphere  during  the  Spring  season. 

4 -1 

However,  a dynamic l i f t i n g  mechanism  and weak s t a t i c  s t a b i l i t y  

(low NBE values)   are   both  usual ly   needed  for   convect ive  s torm  develop-  

ment. A s  d i scussed   ea r l i e r ,   t he   g r idded   t r a j ec to ry  fields of dp/dt 

o r   ne t   ve r t i ca l   d i sp l acemen t  (NVD i n  mb/3h) have  been  successfully 

used to   indicate   those  areas   undergoing  the  t ime-dependent   l i f t ing 

and des t ab i l i z ing   p rocesses  needed for  thunderstorm  formation and 

maintenance. The increased  temporal  resolution  of  the AVE I V  da ta  

w a s  c l e a r l y   a b l e   t o   i d e n t i f y  an NVD d i s t r ibu t ion   t ha t   r e l a t ed   ex t r eme ly  

w e l l  t o   t he   l oca t ion  and in tens i ty   o f   convec t ive   ac t iv i ty   as   descr ibed  

below. 

Figures  15b  through 22b a r e   t h e  NVD f i e l d s  (mb/3h a t  850 and 

500 n b )  fo r   the   l as t   e igh t   consecut ive   t ime  per iods   o f   the   exper iment .  

Upward ' (negative)  displacements  are  shaded  in  each  chart .  Major a reas  

of negat ive and p o s i t i v e  NVD's are   c lose ly   assoc ia ted   wi th   the   eas t -  

ward movement of the  short-wave  t roughs  located  ear l ier  where a i r  

parcels  ascend  ahead  and  descend  behind  each system while moving 

quasi-horizontally  through the v e r t i c a l  motion f i e lds   c r ea t ed  by the  

short-wave  perturbations. I n  a l l  cases,  convection is  located  within 

a negat ive NVD a r e a   e i t h e r   a t  850 o r  500 m b  o r   a t   b o t h   l e v e l s   w h i l e  

no p r e c i p i t a t i o n  is present   in   the   subs id ing   (pos i t ive)   a reas   behind  
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the troughs. Qualitative comparison  general ly   indicates   that   the  

s p a t i a l   c o r r e l a t i o n  between NVD's and  convection is  higher   than that 

between i n s t a n t a n e o u s   v e r t i c a l   v e l o c i t i e s  and  thunderstorms (see 

Figs.  6d-13d).  Moreover, large negat ive NVDs can  quickly  destabi-  

l i z e   t h e  atmosphere,  creating  the smaller NBE and l a r g e r  PBE values  

(depending upon the r e s u l t i n g  vertical  temperature  and  moisture 

structure)  favorable  for  thunderstorm  formation. 

Under s u f f i c i e n t l y  small NBE condi t ions ,   poss ib ly   c rea ted  by 

d iaba t ic   hea t ing ,   advec t ion  of h e a t  and m i s t u r e ,  and d e s t a b i l i z i n g  

l i f t i n g ,   t h e   i n t e n s i t y   o f   t h e   r e s u l t i n g   c o n v e c t i o n  is  c o n t r o l l e d ,   i n  

p a r t ,  by the  PBE ava i l ab le   t o   be   conve r t ed   i n to   t he   ve r t i ca l   ve loc i ty  

of  the  cloud  updraft   from  non-hydrostatic  accelerations.  These condi- 

t i o n s  are c lear ly   ev ident   in   F ig .  20 where the  synopt ic   condi t ions 

assoc ia ted   wi th   the  Neosho tornado  in  southwestern  Missouri  included: 

1) NBE<100 x l o 4  e rgs  g-l; 2 )  a very  large PBE center  exceeding 2500 

ergs  g-l ;   and, 3) s t rong  upward NVD cen te r s  a t  both 850 and 500 mb. 
To ob jec t ive ly  compare t h e   s p a t i a l   c o r r e l a t i o n  between a l l  NVD 

f i e l d s  and t h e   l o c a t i o n  and i n t e n s i t y  of convec t ive   ac t iv i ty ,   b i se r i a l  

c o r r e l a t i o n   c o e f f i c i e n t s  were computed. Th i s   co r re l a t ion   coe f f i c i en t  

measures t h e   a b i l i t y  of a par t icu lar   parameter  (NVD) to d e l i n e a t e   i n  

space  between  convective and  non-convective  areas as a function  of 

convection  intensity  determined from MDR data .  These c o e f f i c i e n t s   a r e  

shown i n  Fig. 23 as a funct ion  of   pressure and MDR in t ens i ty   a long   w i th  

t h e   c o e f f i c i e n t s   f o r   t h e   i n s t a n t a n e o u s   v e r t i c a l   v e l o c i t i e s  computed 

by the   ad iaba t i c  and kinematic  techniques  (from  Wilson, 1976) . I n  

every case, the  NVD's a r e  more h igh ly   co r re l a t ed   t o   p rec ip i t a t ion   l oca -  

t i o n  and i n t e n s i t y   t h a n  are t h e   i n s t a n t a n e o u s   v e r t i c a l   v e l o c i t i e s ,   i n d i -  

ca t ing   t he   h igh   co r re l a t ion  between the  time-dependent  macroscale l i f t i n g  

process ( r e l e a s i n g   p o t e n t i a l   i n s t a b i l i t y )  and the   l oca t ion   and   i n t ens i ty  

of convec t ive   ac t iv i ty .  

To summarize t h e   r e l a t i o n s h i p  between N V D ' s  and the   l oca t ion  and 

in t ens i ty   o f   convec t ive   ac t iv i ty ,   F ig .  24 shows the   average   ver t ica l  

p r o f i l e s   o f  NVD (mb/3h) as a func t ion   o f   p rec ip i t a t ion   i n t ens i ty   ( f rom 

MDR da ta)   us ing   da ta  from a l l  e i g h t  t i m e  per iods of AVE I V .  "NO 

p r e c i p i t a t i o n "  areas had small p o s i t i v e  N V D ' s  a t  most leve ls   whi le  
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Fig. 23. Biserial  co r re l a t ion   coe f f i c i en t s   fo r   t he   k ine -  
ma t i c   and   ad iaba t i c   ve r t i ca l   ve loc i t i e s  
(from Wilson, i976) and PJVD’ s (bold  type) 
fo r   va r ious   p re s su res  and MDR coded p r e c i p i t a -  
t i o n   i n t e n s i t i e s ,  

negat ive  values  (upward ver t ica l   mot ion)   occured   in   p rec ip i ta t ion   a reas  

with  the maximum upward values  located  around 500 mb. The magnitudes  of 

the  average  values of NVD’s  were l a r g e r  a t  a l l  p r e s s u r e   l e v e l s   i n   a r e a s  

containing more in tense   convec t ive   ac t iv i ty  so t h a t  an average  value  of 

-70 mb/3h was associated  with  severe  thunderstorms  in AVE IV. 

Since  both a dynamic l i f t i n g  mechanism  and weak s t a t i c   s t a b i l i t y  

a re   usua l ly  needed for  convective  storm  development, N V D ‘ s  (at 9 

p res su re   l eve l s  from 900 m b  t o  100 m b )  and t h e  NBE and PBE s t a b i l i t y  

measurements  were  combined, u s ing   mu l t ip l e   l i nea r   r eg res s ion ,   i n  

an attempt t o  d e l i n e a t e   s p a t i a l l y   t h e   l o c a t i o n  and i n t e n s i t y  of 

convection  for a l l  AVE I V  t i m e  per iods .   Corre la t ions  were computed 

wi th   g r id   po in t   da ta  where the   p red ic tand  was MDR in t ens i ty   ca t egor i e s  

(MDW 2, 2<PIDR<4, 4<MDR<8, MDR>8) c a l cu la t ed   i n   t he  manner expla ined   in  

Fig. 24.  A l i n e a r   c o r r e l a t i o n   c o e f f i c i e n t  of 0.6 was obta ined   for  

these   increas ing   in tens i ty   ca tegor ies   o f   convec t ion   wi th   the  most 

important  parameters  ( in  order)  being NVD (500 m b )  , NVD (850 m b )  , NBE, 

and PBE ( these  parameters   account   for  98% of   the   to ta l   expla ined  

var iance) .   This   l inear   regress ion   de l inea tes   (wi th  80% accuracy) 
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Fig. 24.  Average prof i les   o f   dp /d t   o r  NVD as a funct ion 
of  pressure and MDR coded p rec ip i t a t ion   i n t en -  
s i t y .  (Maximum MDR value was assigned t o  a 
g r id   po in t   w i th in  1 / 2  g r id   d i s t ance  (-80 km) 
from MDR 3-h composi te   char ts) .  

between  non-convective (MDR<2) and convective areas (MDR>2), bu t  it 

only  determines  the  correct   in tensi ty   category 50% of   the  t i m e .  

Figures  15c  through 2 2 c  present  spa t ia l  f ie lds   o f   the   d iagnos-  

t i ca l ly   de t e rmined   i n t ens i ty   ca t egor i e s   de r ived  from mul t ip l e   l i nea r  

regression  techniques  (Figures  15a and b through 2 2 a  and b are   analyses  

of   the   p r imary   var iab les   used   in   the   f ina l   regress ions) .   Gr id   po in t  

MDR in tens i ty   ca tegor ies   (pred ic tand)  were computed by applying  the 

l inear   regress ion   equat ion   to   the   va lues   o f   the   p r imary   var iab les  

(pred ic tors )   found  in   the   mul t ip le   l inear   regress ion   ana lys i s  a t  each 

g r id   po in t .  These r e su l t s   r evea l   t ha t   synop t i c - sca l e   va r i ab le s   can  

accura te ly   loca te  areas with and  without  convection,  while  delinea- 

t i o n  of convect ive  s torm  intensi ty  is  a l so   poss ib l e   bu t   w i th  some- 

what less accuracy. Even so, the   s t rong   cont ro l l ing   in f luence   o f  

synopt ic  scale systems  over   the temporal and spat ia l  d i s t r ibu t ion   o f  

thunderstorm  location and i n t e n s i t y  i s  e x p l i c i t l y  shown. 

In   l ook ing   spec i f i ca l ly  a t  t h e  Neosho storm  development  and  System 

E's formation  and movement (Figs .   20c-22c) ,   an  intensi ty   category  for  MDR 
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values  28 (severe convection) w a s  computed over  southwestern  Missouri and 

w e s t e r n  Texas and Oklahoma coincident   with severe thunderstorms  and re- 

ported  tornadoes and hai l  a t  0000 GMT 25 April. Tn the 1 2  hours   tha t  

followed,  System E moved eastward  as an area  of  severe  thunderstorms 

whi le   an   in tens i ty   ca tegory   for  MDR 18 was c o n s i s t e n t l y  computed w i t h   t h i s  

storm system a t   b o t h  0600 and 1200 GMT 25 Apri l .  

d. Parce l   d iaba t ic   p rocesses  

D i a b a t i c   e f f e c t s   r e f l e c t e d   i n   t h e  AVE I V  d a t a  were examined by 

ca l cu la t ing  - de (E at) along a i r  parcel t r a j e c t o r i e s  a t  a l l  po in t s  

i n  a gr id   a r r ay  a t  va r ious   p re s su re   l eve l s  and times as discussed 

previously.  I n  i n t e r p r e t i n g   t h e   r e s u l t s ,  non-zero  values  of - de 
d t  

r e s u l t   p h y s i c a l l y  from  the  combination  of a l l  d i a b a t i c   p r o c e s s e s   i n  

the  mean or   synopt ic   f low  (condensat ion,   evaporat ion,   radiat ion,  etc.) 

p lus   t he   ne t   t u rbu len t  eddy f lux   o f   hea t  as shown i n  ( 6 ) .  Since  the 

tu rbu len t   f l ux  term is poss ib ly   l a rge   in   thunders torm areas, of par- 

t i c u l a r   i n t e r e s t  w a s  the   determinat ion  of   the  heat ing rate experienced 

by the  macroscale f l o w  as a r e s u l t   o f  scale i n t e r a c t i o n  between  thunder- 

storms and t h e i r  environment. 

d t  

Figure 25 presents   the  average  prof i les   ( f rom a l l  AVE I V  per iods)  

of  de/dt (OC/3h) as a function  of  pressure  and MDR coded p r e c i p i t a t i o n  

in t ens i ty .   In   p rec ip i t a t ion   a r eas ,   d i aba t i c  warming occurs  between 

about 800 mb and 250 mb and cool ing  occurs  above 250 mb and  below 

800 mb. In   add i t ion ,  more i n t e n s e   p r e c i p i t a t i o n   r e s u l t s   i n   l a r g e r  

d i a b a t i c   e f f e c t s ,   e s p e c i a l l y  above 500 mb, with maximum heat ing  (an 

average  of 2.0°C/3h a t  400 mb) associated  with  severe  thunderstorms. 

Only smal l   d iaba t ic   cool ing  was c a l c u l a t e d   i n   t h e  ''no p r e c i p i t a t i o n "  

a reas   poss ib ly   assoc ia ted   wi th   evapora t ion   of   l iqu id   c loud   water .  

These r e su l t s   a r e   s imi l a r   t o   t hose   ob ta ined  by Fuelberg (1977), 

Ninomiya (1971a)  and  others.  Diabatic  cooling  (below 800 m b )  is  

assumed to   resul t   for   evaporat ion  of   precipi ta t ion  (most ly   convect ive 

i n  AVE I V )  and s u r f a c e   r a d i a t i v e   e f f e c t s ,   w h i l e  above 250 mb r a d i a t i v e  

cooling from thunderstorm  c i r rus   shields  i s  thought to  occur.  Large 

d i aba t i c   hea t ing  a t  mid- and upper-tropospheric  levels  results  mostly 
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Fig. 25. Average prof i les   of   de/dt  as a funct ion of pressure  
and MDR coded p r e c i p i t a t i o n   i n t e n s i t y .  (Maximum 
MDR value w a s  ass igned   to  a g r id   po in t   w i th in  1 / 2  
g r id   d i s t ance  ("80 km) from MDR 3-h composite  charts) .  

from the   t u rbu len t   i n t e rac t ion  between the  macroscale  environment 

and  convection where s e n s i b l e   h e a t  i s  t r ans fe r r ed   i n to   t he   synop t i c -  

scale flow af te r   condensa t ion   deve lops   ins ide   the   convec t ive   tu r re t s .  

Figures 26 and 27 are analyzed  f ields  of - ( C/3h) a t  a )  9OOmb, de o 
d t  

b) 600 mb, and c) 300 mlr, f o r   t h e   f i r s t  and las t  two consecutive  time 

per iods   o f   t ra jec tory   da ta .  These  time  periods were chosen t o  show 

t h e   s p a t i a l  and  temporal   d is t r ibut ion  of   diabat ic   heat ing  associated 

w i t h  t he  development and movement of the two areas of severe  thunder- 

storms  (Systems A and E) i n  AVE IV. Areas of d iaba t ic   hea t ing   gxea ter  

than 1 C/3h are  shaded  while  areas of  convection  are  scolloped  in  each 

char t .  

0 

A s  i n f e r r e d   i n  Fig.  25, d i a b a t i c   e f f e c t s   r e l a t i v e   t o  the thunder- 

storm Systems A and E of   Figs .  26 and 27 general ly  show cool ing a t  

900 mb and d i a b a t i c  warming (usua l ly  <2OC/3h) a t  600 m b  wi th in   the  
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0600 GMT, 24 Apri l  

Fig. 26. 

1200 GllT, 24  Apri l  
a. 900 mb 

S p a t i a l   f i e l d s  of - ( C/3h) f o r  the f i r s t  twoanalyzed 
r iods  of As I V  a t  a)  900 mb, b) 600 mb, and c )  300 mb. 
a reas  are ->1.0 C/3h and  scalloped areas are regions o 
vec t ive  activity. 
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0600 GMT, 24 April 

1200 GMT, 24 April 
b. 600 m b  

Fig. 26. (Continued) 
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0600 GMT, 24 April 

1200 GMT, 24 April 
c. 300 mb 

Fig. 26. (Continued) 
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0600 GMT, 2 5  Apri l  

1200 GMT, 2 5  Apri l  
a. 900 m b  

Fig. 27. Same as Fig. 26 except for  t h e  las t  t w o  analyzed t i m e  per iods.  
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0600 GMT, 25  April 

Fig. 27. (Continued) 



105 

0600 GMT, 2 5  April  

1200 GMT, 25 April 
c. 300 m b  

Fig.  27. (Continued) 
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synoptic-scale  environment of the storms. A t  300 mb, areas of heat ing,  

sometimes i n  excess o f  3OC/3h, are located  over   and  s l ight ly   northwest  of 

the storms.  Thunderstorm  systems  covering smaller areas than  those  of 

Systems A and E are genera l ly   assoc ia ted  w i t h  d i a b a t i c   p a t t e r n s  of cooling 

i n  the  lower  troposphere and h e a t i n g   i n  the middle  and  upper  levels,  but 

magnitudes  of  de/dt  are  significantly smaller and rarely  exceed - +1°C/3h. 

A t  600 and 300 mb, moderate  diabatic  cooling (,-2OC/3h) i s  found  both 

. southeast  and  northwest  of  Systems A and E .  Otherwise,  large  de/&  values 

were not   calculated  in   other   regions  of   the  experiment   area  (excluding 

boundary reg ions)   wi th   the   except ion   of   the   l a rge   d iaba t ic   cool ing  

(<-2OC/3h) found a t  900 mb in   the   Nor thern   P la ins   (F igs .  26a  and 27a) ,  

and the   cool ing  computed a t  300 mb over and nor th   o f  System D i n  Iowa and 

Wisconsin  (see  Fig.  27c).  These areas a r e   t h o u g h t   t o   b e   r e l a t e d   t o  

rad ia t iona l   p rocesses  where noc turna l   cool ing   a long   the   h igh   te r ra in   in  

t h e   P l a i n s   a f f e c t s   t h e  900-mb temperatures and radiat ional   cool ing  asso-  

c ia ted  with  c i r rus   c louds  (discussed  fur ther   below)  lowers   the  temperature  

i n   t h e   v i c i n i t y  of  System D around the  300-mb l e v e l .  

These r e s u l t s   c l e a r l y   i n d i c a t e   t h a t   l a r g e   d i a b a t i c   p r o c e s s e s   a r e  

associated  with  the  convective  storm systems a s   h e a t  i s  poss ib ly  ex- 

changed  between t h e  many convec t ive   ce l l s  and t h e  immediate  environmental 

f low  around  the  storms  since - values   in   non-convect ive  areas  are usual ly  

small .   In   the  net ,  however, the  synopt ic   f low  experiences  cool ing  in   the 

lower  troposphere  and warming i n   t h e  mid- and upper-levels,  even  though 

both  evaporation and  condensation i n   t h e  mean flow  and  both  posit ive 

and negat ive   ne t   tu rbulen t   hea t   t ransfers   p robably   occur  a t  some l eve l s .  

Moreover, t h e   r e s u l t i n g   s t a t i c  s t a b i l i t y  of t h e  atmosphere i s  increased 

and the  thunderstorms  have  accomplished  the  important  process  of 

v e r t i c a l   h e a t   t r a n s f e r  needed in   the  overal l   maintenance  of   the  general  

c i r c u l a t i o n  and global  heat  balance.  S t i l l ,  t he  hydrodynamic  aspects 

of t he   d i aba t i c   hea t ing  and cooling  of  the  synoptic scale must be 

examined. 

de 
d t  

The hypothesis   that   radiat ive  cool ing  f rom  the  top  of   thu  asrs torm 

c i r r u s   ( o r  any cirrus   c loud  deck)   causes   large  diabat ic   cool ing is 

su;?ported by Figs.  28a  and  28b. These f i g u r e s  show the s p a t i a l   f i e l d  

II .I11 I II 
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a. de/dt(OC/3h) at 200 m b  at 0600 GMT 2 5  April. 

b. Infrared  satellite  picture  at 0600 GMT 25 April. 

Fig .  28. Spatial  field  of  a) de/dt  (OC/3h) at 200 &,and b) infrared 
satellite  picture,  both  for 0600 GMT, 25 April. 
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of de/dt a t  200 nb and the I R  sa te l l i te  p i c t u r e ,   r e s p e c t i v e l y ,   f o r  

0600 GMT 25  Apri l .  The  two a r e a s  of c i r r u s   i n   F i g .  28b l i e  e s s e n t i a l l y  

over the large  negative  zones  of  de/dt  in  Fig.  28a (exceeding 

-3OC/3h),  both  over the s q u a l l   l i n e   i n  the Mississippi  Valley and the  

p rec ip i t a t ion   a r ea   i n   t he   no r the rn   P l a ins .  Weak d i a b a t i c  warming sepa- 

rates t h e  two a reas  from  Kansas  northeastward into  southern  Wisconsin. 

Large  radiational  cooling  could  conceivably  change  the  vertical 

and horizontal   temperature   s t ructure   in   the  upper   t roposphere and 

t h e r e b y   a l t e r   f l o w   p a t t e r n s ,   i n c l u d i n g   j e t  stream loca t ion  and inten-  

s i t y ,   o v e r  and surrounding  the  storms.  Without  question,  however,  these 

l a r g e   c i r r u s   s h i e l d s   a l t e r   t h e   n e t   r a d i a t i v e   p r o c e s s e s   a s s o c i a t e d   w i t h  

incoming so la r   r ad ia t ion  and the  outgoing long-wave radiation  (emanating 

from cloud  and ea r th   sou rces ) ,   t he reby   a f f ec t ing   t he   ove ra l l   hea t  

budget  of the atmosphere. 

e. Pa rce l   acce l e ra t ions  

As d i s c u s s e g   e a r l i e r ,   t h e   t o t a l   h o r i z o n t a l   p a r c e l   a c c e l e r a t i o n   v e c t o r  

p e r   u n i t  mass, -, can  be  calculated  $long a t r a j e c t o r y  and resu l t s  

transformed  into a gridded  output. - then  represents   the  net   hor izontal  dV 
d t  

dV 
d t  

fo rce   ac t ing  on t h e   p a r c e l   a s  a r e s u l t   o f  an  imbalance  between the 

Cor io l i s   fo rce ,   t he   p re s su re   g rad ien t   fo rce ,  and t h e   t u r b u l e n t  eddy 

f r i c t i o n a l   f o r c e .  These ne t   fo rces  are main ly   respons ib le   for   c rea t ing  

and al ter ing  a tmospheric   c i rculat ion  systems.  

The r a t e  of change  of t h e   v e r t i c a l  component o f   r e l a t i v e   v o r t i c i t y  

(5) following an a i r   p a r c e l   r e s u l t s  from t a k i n g   t h e   c u r l  of the   hor i -  

zonta l   acce le ra t ion   vec tor  and do t t ing   t h i s   quan t i ty   w i th   t he   ve r t i ca l  

u n i t  vector .  The term - should be p ropor t iona l   t o   ho r i zon ta l   ve loc i ty  

divergence  in  the  convective  storm  environment when computed  from 

synoptic-scale  measurements. Read and  Scogqins (1977) have v e r i f i e d   t h i s  

approximation  in   their   vor t ic i ty   budget   analysis   of  AVE I V .  A s  a r e s u l t ,  

upward ve r t i ca l   ve loc i ty   can  be  created fro?! a p a t t e r n  of  low-level 

convergence  (cyclonic   or   posi t ive  cyr l  of -) and upper-level  divergence 

( an t i cyc lon ic   o r   nega t ive   cu r l  of -) t h a t  can   re lease   po ten t ia l  

i n s t a b i l i t y  and  produce  thunderstorms. 

d5 
d t  

dV 
d t  dV 

d t  

The t h r e e   p a i r s  of Pigs .  29a-30a,  31a-32a,  and  33a-34a show t he  
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0600 GMT, 24  Apri l  
cy 

1200 GMT, 24  April  
a. Hor i zon ta l   acce l e ra t ion   vec to r   f i e lds  (10-5m s’~) (-+=SO X ~ - 2 1 .  

Convection i s  scal loped and a c t u a l  wind s t reamlines  are superimposed. 

. d? A +  d”v 

“IcE, a t  900 mb for t h e   f i r s t  two analyzed  time  periohs 
d t  

and c )  - 
of AVE I V .  

d t  

Fig. 29. S p a t i a l   i e l d s   o f  a)  vec tor   acce le ra t ion  (-) , b)  (k - ( VP X “+}, 

L 



110 

0600 GMT, 2 4  Apri l  

1200 GMT, 24  Apri l  
b. Hor izon ta l   cu r l   o f   acce l e ra t ion   vec to r   f i e lds   i n  (a) (lo-’’ S-2) . 

Values  greater  than 50 are shaded. 

Fig. 29. (Continued] 
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0600 GMT, 24 A p r i l  

1200 GMT, 24 Apri l  
C. Rate of change of pa rce l   k ine t i c   ene rgy  (- ( e rgs  g-1 s-1) .  

d(KE) 
d t  

yalues grea ter   than  2 0  are shaded. 

Fig. 29. (Continued) 
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0600 GMT, 25 April 

1200 GMT, 25 April 
a. Horizontal  acceleration  vector  fields  m s - ~ )  (+=50 x m s-~). 

Convection is scalloped and actual wind streamlines are superimposed. 

d? , A  + d$ 
Fig. 30. Spatial e ds of a) vector  acceleration (-1 , b) [ k -  (Vp x z) 1, 

and c) - dfh’at 900 m b  for the last two ana?$zed time periods of 
AVE IV. dt 
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0600 GMT, 25 Apri l  

1200 GMT, 25 Apri l  
b. Hor izonta l   cur l  of acce le ra t ion  vector f i e l d s   i n  (a) s-~). 

Values  greater  than 50 a r e  shaded. 

Fig. 30. (Continued) 
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C. Rate of 
Values 

0600 GMT, 25 April  

1200 GMT, 25 Apri l  
change of parce l   k ine t ic   energy  (- 

d(KE) 
d t  ( e rgs  9-1 

grea te r   t han  20 are  shaded. 

Fig. 3Q. (Continued]. 
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0600 GMT, 24  April 

1200 GMT, 24 April 
a. Horizontal   accelerat ion  vector   f ie lds  (lo-’ m s - ~ )  (-+=50 x m s - ~ ) ,  

Convection is scalloped and ac tua l  wind streamlines  are  superimposed. 

Fig. 31. Same as   Fig.  2 9  except  for 600 mb. 



0600 GMT, 2 4  Apri l  

1200 GMT, 24 Apri l  
b. Horizontal   cur l  of a c c e l e r a t i o n   v e c t o r   f i e l d s   i n  (a) (lo-’’ s - ~ ) .  

Values  greater  thqn 50 are sha.ded. 

Fig. 3 1. (Continued) 
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0600 G m ,  2 4  April  

1200 GMT, 24 Apri l  
c. Rate of change of pa rce l   k ine t i c   ene rgy  (- ( e rgs  9-1 s-1) . 

Values  greater  than 25 are shaded. d t  

Fig. 31. (Continued) 
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0600 GMT, 25 April 

1200 GMT, 25 Apri l  
a. Hor i zon ta l   acce l e ra t ion   vec to r   f i e lds  m s - ~ )  (-+=50 x m s-~). 

Convection i s  scal loped and actual wind s t reamlines  are superimposed. 

Fig. 32. Same as  Fig. 30 except   for  600 mb. 
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0600 GMT, 25 April 

1200 GMT, 25  April  
b. Hor izonta l   cur l  of acce le ra t ion   vec to r   f i e lds  i n  (a)  (10” sm2) . 

Yalues g r e a t e r  tF-qn 50 are shaded. 

F2g. 32. (Continued) 
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0600 GMT, 2 5  A p r i l  

C .  R a t e  of 
yqlues greater than 25 are shaded. 

U L  

Fig. 32. (Continued] 



0600 GMT, 24 April 

1200 GMC, 24 April 
a. Horizontal  acceleration  vector fields m s - ~ )  (“+=50 x  m s-~), 

Convection  is  scalloped and actual wind streamlines  are superimposed. 

Fig. 33. Same  as Fig. 29 except for 300 mb. 

L 
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0600 GMT, 2 4  April 

1200 GMT, 24 Apri l  
b. Horizontal   cur l  of acce le ra t ion   vec to r   f i e lds  i n  (a) (lo-’’ s-~). 

Values  greater  than 100 are shaded. 

Fig.  33. CContinuedl 



0600 GMT, 24 A p r i l  

Fig. 3 3.  (Continued) 

12 3 
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0600 GMT, 25 April 

1200 GMT, 25 April 
a. Horizontal  acceleration  vector  fields  m s - ~ )  (-+=50 x  m s-~). 

Convection is scalloped and actual  wind  streamlines  are superimposed. 

Fig. 34. Same as Fig. 30 except  for 300 mb. 
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0600 GMT, 25 Apri l  

1200 GMT, 25 Apri l  
b. Hor izonta l   cur l  of acce le ra t ion   vec to r   f i e lds   i n   ( a )   ( l 0 - l1  s - ~ )  . 

Values grea te r   than  100 are shaded. 

Fig. 34. (Continued) 

L 
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0600 GMT, 25 Apri l  

C. Rate of 
Values 

1200 GMT, 25  April 
' change of pa rce l   k ine t i c   ene rgy  (- d(ml  

(ergs  g-1 
grea te r   than  100 a r e  shaded. d t  

Fig. 34. (Continued) 
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horizontal  acceleration  vector  fields (10 m s ) at 900 mb, 600 mb, 
and 300 mb, respectively.  Each  figure  pair  presents  results  for  the 

first  and  last two  consecutive  times  of  AVE IV used  in  trajectqry  calcula- 

tions  since  these  periods  correspond  to  the  development  and  movement 

of  severe  storm  Systems  A  and E. Convective  activity  is  scalloped  in 

each  chart  and  the  magnitude  of  each  acceleration  vector  is  proportional 

to  its  length  (the  length  between  tick  marks on the  borders,  one 

grid  distance,  corresponds to 50 x 10 m s ).  

-5 -2 

-5 -2 

These  acceleration  vector  fields  .reveal  remarkably  well-defined 

systems  including  cyclonic  and  anticyclonic  rotation  centers  and 

zones  of  acceleration  maxima  and  minima, ( >  I10 Im s ) some  of  which 

show  definite  relationships  to  the  convective  activity.  Since 

these  horizontal  accelerations  represent  net  forces  per  unit  mass 

acting  on  the  synoptic-scale  flow,  changes  in  the  flow  charac- 

teristics  (divergence,  vorticity,  or  air  speed  and  direction)  are 

occurring. 

-4 -2 

In  considering  more  closely  the  relationships  between  the  circula- 

tion  patterns  of  horizontal  accelerations  and  the  two  major  convective 

systems  in  the  center of the  network,  cyclonic  areas  or  centers  of 

rotation  can  be  qualitatively  seen  "over"  the  thunderstorms  at  both  the 

900- and  600-mb  levels  (see  figure  pairs  29a-30a  and  31a-32a).  At  the 

300 m b  level,  Figs.  33a  and  34a  show  anticyclonic  rotation  over  the 

storms. 

A more  objective  analysis of these  circulation  patterns  and  a 

dynamic  understanding  of  their  relationships  to  convective  activity 

is  accomplished  by  taking  the  horizontal  curl  of  the  vector  acceleration 

fields.  After  carrying  out  this  operation,  analyses  of  the  results  are 

shown  directly  after  each  of  the  acceleration  fields  (in  units  of 10 -11 

s ) in  figure  pairs  29b-30b,  31b-32b,  and  33b-34b  for  the 900-, 

600-, and 300-mb levels,  respectively. All positive  areas (a con- 

vergence)  greater  than 50 x 10 s are  shaded  in  Figs.  29b-32b  and -11 -2 

negative  areas (a divergence)  less  than -100 x 10 s are  shaded 

in  Figs.  33b  and  34b to  clearly  show  low-  and  mid-level  convergence 

and  divergence  aloft. 

-2 

-11 -2 
% 
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These scalar f i e l d s   r e p r e s e n t  - where, for  synoptic-scale  f low, 
.dg 
d t  

pos i t ive   (nega t ive)   vor t ic i ty   t endencies   a re   c rea ted   mos t ly  by conver- 

gence  (divergence) (see Read and Scoggins  (1977) f o r   s p a t i a l   f i e l d s  

of  the  divergence t e r m  i n  (8)). A t  t h e  900- and 600-mb l e v e l s ,   P o s i t i v e  

cen te r s  (= convergence)  are  closely  associated  with  the  superimposed 

MDR observation  of  convection,  while  at  300 m b  large  negat ive  values  

(a divergence) were ca l cu la t ed   ove r   t he   i n t ense   convec t ive   ac t iv i ty .  

The r e v e r s e   p a t t e r n  i s  genera l ly   observed   ou ts ide   p rec ip i ta t ion .  How- 

eve r ,   t he   exac t   con t r ibu t ion   o f   t he   t u rbu len t   f r i c t iona l   fo rce   t o   t he  

acceleration  vector  cannot  be  determined  here,  although  the momentum 

exchange  between  convective  systems and the  environment i s  l a rge  

(Fuelberg, 1977  and Read and  Scoggins, 1977) and,  as  seen la ter ,  a l t e r s  

the   ex is t ing   synopt ic -sca le   acce le ra t ion   f ie ld   a round the storms. 

The avezage v e r t i c a l   p r o f i l e s  (from a l l  AVE I V  per iods)  of 

fhk ( V p  x -1 } a r e  shown in  Fig.  35 as a funct ion of pressure  and MDR 

category and r e v e a l   t h a t  more intense  thunderstorm  act ivi ty   occurs   with 

increas ingly   l a rger   pos i t ive   va lues  (a convergence) in   the   lower  and 

middle  troposphere  while  large  divergence  (negative  values)  occurred 

above 400 mb. Very small   values were  computed i n  "no p rec ip i t a t ion"  

a reas .  

-f dV 
d t  

When n e t   f o r c e s   a c t  upon a i r   p a r c e l s ,  work i s  performed and 

energy  transformation  occurs. Of  p a r t i c u l a r   i n t e r e s t   i n   t h e  atmosphere 

i s  the  development of k ine t ic   energy   wi th in   the   var ious   s ize   c i rcu-  

lation  systems. 

The r a t e  of  change  of horizontal   k inet ic   energy  fol lowing an 

a i r   pa rce l   ca2   be  measured+from t r a j e c t o r y   c a l c u l a t i o n s  by simply 

measuring d ( - I ) / d t  A (q) / A t .  From a Langrangian  point  of  view, 

horizontal   k inet ic   energy  changes  occur  when the   ne t   ho r i zon ta l  
2 

7 

acce le ra t ions  (E in   Figs .  29a-34a) , a c t i n g  upon a i r   p a r c e l s ,  have a t  
components a long   t he   ve loc i ty   vec to r s .   I n t e rp re t a t ion   o f   t he   r e su l t s  

may be  obtained from (9)  where p a r c e l s  change t h e i r   h o r i z o n t a l   k i n e t i c  

energy  during  cross-contour  flow and  from kinet ic   energy  imparted  to  

o r  removed from the synopt ic   f low  through  "scale   interact ion".  The 

l as t  t e r m  i n  (9) may, i n  t h e   v i c i n i t y  of thunderstorms, be important 

in  determining  d(KE)/dt. 

& 

I 
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-10 -2 
(10 s ) 

A 

Fig. 35. Average p r o f i l e s  of  Jk (Vp x -1 as a funct ion -t d? 
d t  of pressure  and MDR coded p r e c i p l t a t i o n   i n t e n s i t y .  

(Maximum MDR value was a s s igned   t o  a g r id   po in t  
within 1 / 2  g r id   d i s t ance  (-80 km) from MDR 3-h 
composite  charts) .  

Figure 36 presents   the   average   ver t ica l   p rof i les   ( f rom  a l l  AVE I V  

t i m e  per iods)   o f   the   ra te   o f  change  of parce l   hor izonta l   k ine t ic   energy  

(e rgs  g s ) p l o t t e d   a s  a funct ion of pressure  and MDR coded prec ip i -  

t a t i o n   i n t e n s i t y .   I n   p r e c i p i t a t i o n   a r e a s ,   i n c r e a s i n g  i s  seen from 

900 t o  400 mb reaching a maximum about 600 mb, while   large  negat ive 

d(KE)/dt  occurs  above 400 mb. Small   decreasing  parcel KE was measured 

ou t s ide   p rec ip i t a t ion  areas. Also, more in t ense   convec t ive   ac t iv i ty  

was accompanied  by l a r g e r  - d(m) values  (60 e rgs  g a t  600 mb 

with  severe  thunderstorms)  in  the  mid-troposphere and l a r g e r  nega- 

t i v e   v a l u e s  (-70 e r g s  g -'s-' a t  200 m b  with  severe  thunder- 

storms)  in  the  upper  troposphere.   Similar  results were obtained by 

Fuelberg  and  Scoggins  (1977)  and  Fuelberg  (1977)  where  they  actually 

ca l cu la t ed   t he  terms i n  (9) .  They r epor t ed   t ha t  the l a r g e   p o s i t i v e  

-1 -1 

-ls-1 
d t  

d t  
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- 
(MDRz4- 9) 

SEVERE TRW (MDR-6-91 4 , 
1 1 1 1 1 1 1 l 1 l 1 1  1 1 1 1 1 1 1 1 1 1 1 1  

- 1 0 0  -80 -60 -40 -20 0 20 40 60 80 100 

DECREASING PARCEL KE INCREASING  PARCEL KE 

d(KE)/dt, (ergs if;') 
Fig. 36. Average prof i les   o f   d (KE) /d t  as a function  of 

pressure and MDR coded p r e c i p i t a t i o n   i n t e n s i t y .  
(Maximum MDR value w a s  ass igned  to  a g r i d   p o i n t  
within 1/2 gr id   d i s tance  ("80 km) from MDR 
3-h composite  charts). 

d(KEL i n  the mid-troposphere was pr imari ly   created by t h e  V - F  tern + 3  

d t  
since  the  cross-contour  f low was small. 

The three  pairs   of   Figs .  29c-30cI  31c-32c,  and  33c-34c show the  

s p a t i a l   f i e l d s  of - d(KE) (ergs g s 1 a t  900 mb, 600 mb I and 300 mb, -1 -1 

respect ively.   Posi t ive - a(m) areas   g rea te r   than  2 0 ,  25,  and  100 

ergs  g s a re  shaded i n  each of the   t h ree   f i gu re   pa i r s .  

d t  

-1  -1 
d t  

S imi l a r   t o  results shown  by Fuelberg (1977) ,  generation of ICE i n  

excess  of 75 e rgs  g s was c a l c u l a t e d   a t   t h e  600-mb level  immediately 

over  each of the  storm Systems A and E i n  Figs. 31c  and 32c,  indicating 

the  importance  of  thunderstom-environment  interactions  in  increasing 

parcel  KE i n  t h i s   r e g i o n .  However, l a rge   pos i t i ve   cen te r s  were a l s o  

ca l cu la t ed   a t  900 mb (values >40 e rgs  g s ) and 300 mb (values 

-1 -1 

-1  -1 
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>300 ergs  g-ls-’) s l i gh t ly   sou theas t  and northwest of these thunder- 

storm areas i n  figure p a i r s  29c-3Oc and 3 3 c - 3 4 ~ ~   r e s p e c t i v e l y .  This 

ve r t i ca l   o r i en ta t ion   o f   i nc reas ing   pa rce l  KE centers  suggests an axis 

Of maximum Values that  slopes  northwestward  over  the -thunderstorm 

areas from  about 400 km ahead a t  900 rnb t o   d i r e c t l y   o v e r  the s t o m  a t  

600 mb (where  Fig. 36 shows maximum KE production) , to 400 km behind 

the a c t i v i t y  a t  300 mb. Therefore,  decreasing  parcel KE w a s  ca lcu la ted  

d i r ec t ly   ove r   t he  area of  severe  convection  in  the  upper  troposphere 

above 300 mb and near  zero  production  occurred  close  to the ground i n  

the immediate  storm  area. 
This  three-dimensional  configuration  of  kinetic  energy  production 

and d i s s i p a t i o n  is necessary  for  the  maintenance  of  the  large  scale 

v e r t i c a l   c i r c u l a t i o n   t h a t   r e l e a s e s   p o t e n t i a l   i n s t a b i l i t y  and helps 

maintain  the  thunderstorms.  Consider  the  acceleration  f ields i n  

Figs.  29a-34a where the  actual  wind streamlines have  been  superimposed 

a t  each  level. Over the  thunderstorm  systems A and E ,  cyr lonic  
c i rcu la t ion   (pos i t ive   cur l  of  dV/dt)  of  the  acceleration  vec.tors  can 

be  seen i n   t h e  lower  troposphere  (Figs.  29a-32a),  while  anticyclonic 

c i rcu la t ion   (nega t ive   cur l  of dV/dt)  of  the  acceleration  vectors 

occurs a t  300 mb (Figs. 33a  and 34a).  A s  expla ined ,   th i s   acce le ra t ion  

pattern  produces  low-level upward v e r t i c a l   v e l o c i t i e s  and negative 

NVD’s (see  Figs. 15b, 16b, 21b, and  22b)  which maintain  the  squall  

l ine.   Since  the  actual  wind s t reamlines   general ly   point   west   to   east  

over   the   s torm  sys tems  a t   a l l   l eve ls ,   pos i t ive   (nega t ive)   d (KE) /d t  

occurs i n  the  southern  (northern)   par t  of the  cyclonic  acceleration 

centers  where the   acce le ra t ion   vec tors  have  a  component along  (against)  

t he   d i r ec t ion  of the   s t reaml ines   o r  wind vectors.  The reverse  occurs 

i n  the  ant icyclonic   accelerat ion  centers  so tha t   the   observed   pa t te rn  

of  d(KE)/dt i n   F i g s .  29c-34c i s  explained. 

-3- 

-f 

The tu rbu len t   f r i c t iona l   fo rce  i s  important i n  the  convective 

storm  environment i n  t h a t  it cont r ibu tes   to   the   ne t   hor izonta l   acce le ra-  

t i o n  i n  (l), espec ia l ly  i n  the  mid troposphere  directly  over  the  storms. 

Since  the  positive  d(KE)/dt  over  the  thunderstorms i n  t he  middle 

troposphere  (Figs. 31c and 32c) is  primarily  caused by the  term V - F  

i n  (91, t he   t u rbu len t   f r i c t iona l   fo rce   con t r ibu te s   s ign i f i can t ly   t o  

the   hor izonta l   vec tor   acce le ra t ion   f ie ld   to   p roduce   la rger   pos i t ive  

- + +  
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c u r l  and larger  mid-level  convergence.  This  convergence  further 

enhances  the rnacroscale v e r t i c a l   c i r c u l a t i o n  by inc reas ing   t he  upward 

v e r t i c a l  velocit ies o v e r   t h e   s q u a l l   l i n e  and acts as a "self-propagating" 

mechanism f o r  the thunderstorm  systems. 

The cen te r s  of p o s i t i v e  d (KE)/dt a re   f requent ly   reg ions   o f  

developing wind maxima. AS a r e s u l t ,   t h e   c o m n l y   o b s e r v e d  l o w - ,  mid-, 

and  upper-level j e t  zones  associated  with  severe  convective  systems 

are also p a r t i a l l y   e x p l a i n e d  above (see Figs.  6c, 7c,  12c, and  13c 

f o r  wind j e t  maxima associated  with  systems A and E ) .  I n   add i t ion ,  

t h e   d i a b a t i c   h e a t i n g   c a l c u l a t e d   i n   t h e  middle-  and  upper-troposphere 

(Figs. 26 and 27)  over  the  thunderstorms  further  increases  the  large- 

scale  horizontal   temperature  gradient  and  enhances  parcel KE and j e t  

stream  development  (Ninomiya,  1971b). The acce le ra t ions ,   c r ea t ed  

i n d i r e c t l y  by diabat ic   heat ing  of   the  synopt ic   f low,   add t o  the  a l ready 

inc reas ing   pa rce l  KE t o   f u r t h e r   s t r e n g t h e n   t h e   l a r g e - s c a l e   v e r t i c a l  

ve loc i ty   f i e ld   s ince   t he   cyc lon ic   " c i r cu la t ion"   o f   t he   acce le ra t ion  

f i e l d   ( o r  convergence) i s  increased and extends as high as 400 m b  

(see Fig.   35),   producing  larger  negative NVD values.   This  process  also 

acts as a "self-propagating" mechanism for  the  thunderstorm  system 

but  the  macroscale must s t i l l  s u p p l y   p o t e n t i a l   i n s t a b i l i t y   i n t o   t h e  

path  of  the  storms  through  the  differential   advection of moisture  and 

hea t  shown i n   t h e   t r a j e c t o r y   p l o t s .  

f .  Temporal spa t i a l   c ros s - sec t ion   ana lys i s  of a severe  area of 
thunderstorms ( System E) 

This sec t ion   cons i s t s   o f  a spec i f ic   case   s tudy   ana lys i s   o f   the  

" 

development  and moverrent of severe  thunderstorm  system E t h a t  spawned 

the  Neosho tornado  and w a s  accompanied  by over 30 repor t s   o f   severe  

weather a t  the   sur face .  

Figures 37 and 38 are the  SMS i n f r a r e d   s a t e l l i t e   p i c t u r e s  a t  

0000 GMT, 25 April  1975 and 0600 GMT, 25 April   1975,  respectively,  show- 

ing  the  development  and movement of  this  storm  system  (from  Whitney, 

1977) .   Concurrent   severe   s torm  reports   a t   the   surface and the   synopt ic  

fea tures   o f  j e t  streams and su r face   f ron t s   a r e  superimposed.  Severe 

s torm  symbols   are   ident i f ied  in   the  f igure  inset .  



133 

Fig. 37. SMS i n f r a r e d   p i c t u r e   a t  0000 GMT, 25 Apri l  1975  showing  concur- 
rent  severe  storms and the   synopt ic   fea tures  of j e t  streams 
and surface  fronts.   Severe  storm symbols a r e  shown i n   t h e   i n -  
set. The axes  of  the j e t  streams  are shown as   the  bold  dashed 
l i nes   w i th   a s soc ia t ed  wind maxima appearing  as heavy X's. The 
speed of the   sub t rop ica l  wind maxima is  given  in  knots.   Sur- 
f ace   f ron t s  are shown a s   t h i n  candy s t r i p e d   l i n e s .  The dot ted 
l ines  a re   the   geographica l  and p o l i t i c a l   g r i d   o v e r l a y .  The 
Neosho tornado  occurred a t  0040 GNC. (from  Whitney,  1977) 

Fig. 38. Same as Fig. 37 except for  0600 GMT, 25 Apri l  1975. 

I 
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By focusing  on this specif ic   s torm,  many of the previous ly   d i s -  

cussed  re la t ionships  between convective  storms  and their synoptic- 

scale   environment   can  be  c lar i f ied.  T ime  cross-sect ion  analyses  are 

p resen ted   t o  show the   t empora l   va r i a t ion   i n   a tmosphe r i c   s t ruc tu re  

t h a t  w a s  assoc ia ted  w i t h  severe thunderstorm  formation a t  0000 Gm, 

25 April i n  Fig. 37. Resul ts  from t r a j e c t o r y   c a l c u l a t i o n s  reveal 

t h e  hydrodynamic  and  thermodynamic p rocesses   r e spons ib l e   fo r  the 

s t ruc tura l   changes   tha t  accompanied  storm  development. The three- 

dimensional  spatial   structure  of  the  atmosphere,  a t  the height   of   the  

s torm  system's   intensi ty  (0600 GMT, 25 Apr i l   in   F ig .  381, w a s  analyzed 

using  space  cross-sections  through  the  storm area. T h i s  produced a 

d e t a i l e d  view  of the instantaneous  a tmospheric   s t ructure   in   the  immediate  

storm  environment.  Results from t r a j ec to ry   ca l cu la t ions   r evea led   t he  

processes   producing  changes  in   this   s t ructure  as w e l l  as the feedback 

and sca le - in te rac t ion   processes   p rev ious ly   d i scussed .  

T ra j ec to ry   da t a   a t   e ach  time period and v e r t i c a l  pressure l e v e l   i n   t h e  

c h a r t s  are average   g r id   po in t   va lues   o f   the   var iab le   ins ide   the  

indicated  grid  boxes  surrounding System E in   Figs .  9a-13a. 

Figure 39a  shows t h a t  upward NVD's occurred,   wi thin  the  s torm 

environment,  throughout  the  storm's  development  period a t   l e v e l s  

below 800 mb. The planetary  boundary  layer was therefore  undergoing 

dynamic l i f t i n g .  However, before   the  system  organized  into a long   l i ne  

of  severe  thunderstorms,  subsidence w a s  occurr ing between  800  and 

200 mb, reaching a maximum value  of 25  mb/3h a t  500 mb a t  2100 GMT. 

24 A p r i l .  By suppressing  convective  cloud  development,   this  feature 

may have  been essent ia l   to   the   subsequent   format ion   of  the l i n e   o f  

severe  thunderstorms 3 h l a t e r .  A t  0000 GKC, upward NVD's ex- 

tended  throughout the e n t i r e  atmosphere  coincident  with the storm 

organizat ion and severe  weather  occurrence  (the Neosho tornado w a s  

on t h e  ground j u s t   a f t e r  0000 GMT. T h i s   p a t t e r n   i n t e n s i f i e d  
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i n  time and by  1200. GMT 'upward NVD's less than -45 mb/3h were 

occurr ing,  on the average,  within the synopt ic-scale  storm environment. 

The d i a b a t i c   e f f e c t s   d u r i n g  the storms l i f e  are shown i n  Fig. 

39b. The impor tan t   fea tures   to  notice between  1800 G"J? and 0000 GMT a r e  

t h e   d i a b a t i c  warming (>1°C/3h) occur r ing   i n  a 100-mb t h i c k  zone wi th in  

the  boundary l a y e r  and the   cool ing  (<-1°C/3h) tak ing  place immediately 

above  the warming  zone tha t   ex tended   to  200 mb. This   pat tern i s  

extremely  consis tent   with  the NVD d i s t r ibu t ion   i n   F ig .  39a i n   t h a t  up- 

ward  displacements  in the boundary l a y e r  were caus ing   bo th   s t ra t i form 

and  cumuliform  cloud  formation,  releasing  latent  heat.  In  the mid- 

and  upper-troposphere,  existing  clouds  were  evaporating  under  subsiding 

condi t ions ,   c rea t ing   d iaba t ic   cool ing .  

This   d i s t r ibu t ion   of   hea t ing  below  and c o o l i n g   a l o f t ,  from d i a b a t i c  

processes ,   added   to   the   des tab i l iz ing  boundary l a y e r   l i f t i n g   p r o c e s s e s  

a l ready  occurr ing to  create smaller s ta t ic  s t a b i l i t y  (smaller NBE 

and  la rger  PBE) pr ior   to   the   thunders torm sys tem organiza t ion .   Af te r  

0000 GMT s t rong   hea t ing  (>1.5O-C/3h) occurred   in   the  mid- and  upper- 

troposphere as the   rea l ized   la ten t   hea t   wi th in   the   o rg i ln ized   thunder -  

storm  system "warmed" the  synopt ic   f low.   Strong  diabat ic   cool ing 

ca l cu la t ed  above 300 mb and  below 800 mb was assoc ia ted   wi th   rad ia t iona l  

coo l ins   ove r   t he   s to rm ' s   c i r rus   sh i e lds  (see Figs. 28 and  38)  and 

prec ip i ta t ion   evapora t ion  below cloud  bases ,   respect ively.  

Parcel kinetic  energy  changes  (ergs g s ) during the development 
-1 -1 

of  System E are shown i n  Fig. 39c where generation  has  been  shaded. 

Between  1800 GMT and 0000 GMT p a r c e l  KE generat ion (950 e rgs  g 

occurred between 850 and 500 mb over  the  developing  storm  system,  while 

above 500 mb very   s t rong   parce l  KF, d i s s i p a t i o n  (<-125 ergs  g s ) 

occurred .   This   pa t te rn   ind ica ted   tha t   the   synopt ic   f low was highly 

acce lera ted   dur ing  the ea r ly   s t ages   o f  the storm  system  formation w i t h  

high momentum a i r  a lof t   descending   in to   the  mid- and  lower-troposphere 

within  the  subsiding  region  in   Fig.  39a. For  given a i r  parcels, the 

r e su l t i ng   acce le ra t ions   c r ea t ed   f l ow toward  lower  pressure (or he igh t s )  

(negat ive V-?@ and KE production  from  (9))  in  the  layer  from 850 t o  

500 &,while   f low  toward  higher   pressure  resul ted  in  KE d i s s i p a t i o n  

-ls-l) 

-1  -1 

-f 
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a l o f t .  The vec to r   o r i en ta t ion   o f   t he   acce le ra t ion   f i e lds  must  have 

also forced  low-level  convergence  (from  flow  toward  lower  pressure 

and " 0 )  and upper-level  divergence  (flow  toward  higher  pressure  and 

-<O) over  the  developing storm s i n c e   s t r o n g  upward v e r t i c a l   v e l o c i t y  d t  
and negat ive NVD's quickly formed a t  0000 GMT i n   p l a c e  of s t rong  sub- 

sidence a t  2100 GMT. 

dT; 
d t  

After  0000 GMT KE production  increased  throughout  the  entire low- 

and  mid-troposphere  with weak KE d i s s i p a t i o n   p r e s e n t  above 300 mb. 
This  pattern  resembles  that   found  in  Fig.  36 with K E  p roduc t ion   i n  

the  middle  troposphere  resulting  from momentum exchange  between  the 

convective  clouds  and  the  environment,and  the  increased  baroclinity 

i n   t h i s   r e g i o n   c r e a t e d  by the   d iaba t ic   hea t ing   seen   in   F ig .  39b. 

Cross-contour  flow was very  small   in  the  middle  troposphere as shown 

by Fuelberg  (1977). 

Figures 40a-40f are   space  cross-sect ions  of   var ious  var iables ,  

including  t ra jectory  parameters ,  a t  0600 GMT 25 Apr i l   a long   the   l ine  

XY of  Fig. 12a. This   l ine   passes  NW-SE through  the  severe  weather 

areas  containing  reported  tornadoes (see Fig.  38) a t  the   loca t ion  

marked "severe  thunderstom"  a long  the  bot tom  of   each  char t .  

Figures 40a and 40b are   the   c ross -sec t ions  of re lat ive  humidi ty  

(values >50% shaded)  and NVD (mb/3h with downward motion  shaded) , 
respect ively.  Of p a r t i c u l a r   i n t e r e s t  is the   ve r t i ca l   p ro t rus ion   o f  

re la t ive  humidi ty   values  >50% extending  out   of   the  lower atmosphere 

i n t o   t h e  mid- and  upper-troposphere in   the   severe   s torm area. Other- 

wise, re la t ive  humidi ty  w a s  <40% a t  a l l  l e v e l s  above 700 mb while 

values  exceeded 60% in  the  moist   planetary  boundary  layer  and  reached 

90% i n   t h e  immediate  storm  area. The NVD c ros s - sec t ion   pa r t i a l ly  

exp la ins   t h i s   mo i s tu re   d i s t r ibu t ion   s ince   ve ry   l a rge  upward NVD's 

(<-go mb/3h) occurred  over  the  storm and some water  vapor was "drawn" 

a lo f t   ou t   o f   t he   p l ane ta ry  boundary layer  (Sco t t  and Scoggins,  1977). 

Both southeast   and  northwest   of   the   convect ive  act ivi ty ,   subsidence 

w a s  occurr ing  with NVD's  >30 mb/3h in  the  middle  troposphere.  With- 

in   t hese   subs id ing   a r eas ,   r e l a t ive   humid i t i e s  were low and  sometimes 

f e l l  below  20% both  ahead  and  behind  the  storm  in  the  middle and 
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Fig. 40. Space c ros s   s ec t ions  of var ious  basic   qr idded  var iables  and 
t r a j ec to ry   pa rame te r s   a t  0600 GMT, 2 5  Apri l   a long  the  l ine XY 
of Fig. 12a (p.51) that  passes  through  severe  thunderstorm 
System E. 
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upper-levels  (Fig. 38 also shows t h e  absence of   high level clouds i n  

these  areas). These  dry areas were p o s i t i o n e d   d i r e c t l y  above the  

moist  boundary  layer a i r  so that  c o n v e c t i v e   i n s t a b i l i t y  w a s  large  ahead 

and behind  the  storm  system. As t he   l a rge  upward NVD f i e l d  moved 

southeastward,   the   convect ive  instabi l i ty  w a s  released  under dynamic 

l i f t i n g  and s t r e t c h i n g  so that  thunderstorm  formation  occurred  and 

upper   levels   increased  their   environmental   moisture   content .  

Figure 40c i s  the   c ros s   s ec t ion  of vector  wind ( in   k t s   i nc lud ing  

isotach  analysis)   and  temperature  ( " C )  ,while  Fig. 40d shows t h e   d i a b a t i c  

h e a t i n g   ( d e / d t   i n  OC/3h) d i s t r i b u t i o n .  A trough i n   t h e  wind f i e l d  

was loca ted  j u s t  northwest   of   the   s torm area and  sloped  northwestward 

with  height.  Both  ahead  and  behind  the  trough, wind speed m a x i m a  

( 7 7 0  k t s )   i d e n t i f y  the po la r  j e t  stream whi le   the   subt ropica l  

j e t  w a s  l o c a t e d   f a r t h e r   s o u t h e a s t  and  above the p o l a r   j e t .  A l l  severe  

weather  occurred  between  the  southwesterly  polar j e t  and sub t rop ica l  

j e t  as shown by  Whitney (1977) (see Fig.   38) .   In   addi t ion,   the  temper- 

a t u r e  cross-sect ion shows a weak b a r o c l i n i c  zone i n   t h e  l o w -  and 

mid-troposphere  between  the two p o l a r  jets. Of p a r t i c u l a r   i n t e r e s t ,  

however, i s  t h e  w a r m  wedge ( l ight ly   shaded)   posi t ioned  southeastward 

o f   t he   sou the rn   po la r  j e t  above the  500-mb l eve l .  This r e l a t i v e l y  

w a r m  a r e a  is  located  directly  over  the  thunderstorms  and  increases 

the  atmospheric  baroclinity  northwest  of  the  convection  since  the 

s lope  of the   i so the rm  pa t t e rn   w i th   r e spec t   t o   p re s su re   su r f aces  is  

increased.   Therefore ,   the   southern  port ion  of   the  polar  j e t  stream 

l i e s  between the  wind and  thermal  troughs and the  thermal  r idge.  

T h e  diabat ic   heat ing  cross-sect ion  (Fig.  40d) suggests   s t rongly 

t h a t   t h e  warm zone w a s  created  most ly   by  diabat ic  warming s ince  a 

zone o f  pos i t ive   de /d t  (>4'C/3h) l ies d i r e c t l y   o v e r  the thermal 

ridge.   Since  environmental   relative  humidities were <60% above 700 

mb (Fig.   40a)   within  the  convect ive  s torm  area,   la tent   heat ing 

within  the mean synoptic-flow was non-existent so that t h e   l a r g e  

d i aba t i c   hea t ing  and resul t ing  thermal   r idge  formation w a s  caused by 
turbulen t  eddy t r a n s f e r  of heat  from the  convect ive  s torms  into 

the  environmental  flow a t  mid- and upper-levels.   Radiational  cooling 

(<-20C/3h) ove r   t he   c i r rus   sh i e ld   ( s ee   F igs .  28 and  38) i s  a l s o  
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seen   in   the   c ross -sec t ion  a t  l e v e l s  above 200 mb while ,  below 800 mb, 
evaporation  of  hydrometeors  (and  possibly some rad ia t iona l   coo l ing   s ince  

it w a s  n ight t ime)   resul ted  in   cool ing  exceeding -2'C/3h under  the 

storm system.  Boundary l a y e r  relative humidi t ies  were h ighes t  (>go%) 

d i r e c t l y  under  the storm area where evaporation w a s  t ak ing  place. Both 

southeas t  and northwest   of   the   thunderstorms,   diabat ic   cool ing w a s  

occu r r ing   i n  the subs id ing  a i r  i n  Fig. 40b, possibly  caused by cloud 

water  evaporation  after  storm  passage  and weak noc tu rna l   r ad ia t iona l  

cooling. 

Figure 40e is  the  cross-sect ion  of   d(KE)/dt   (ergsg s where 

generation is  shaded)   and   the   hor izonta l   vec tor   acce le ra t ion   f ie ld  

(dV/dt p l o t t e d   a s  wind vec tors  where 1 barb = 10 x m s ) . -+ -2 

Figure 40f is  the  cross-sect ion  of   the  horizontal   cur l  of t he  

a c c e l e r a t i o n   f i e l d   i n   F i g .  40e {negat ive  (posi t ive)   values  = divergence 

(convergence) 1. The d(KE)/dt   pat tern  can  be  interpreted  physical ly  

s ince   genera t ion   (d i ss ipa t ion)   occur red  when the  superimposed  accelera- 

t i on   vec to r  had a component along  (against)   the  corresponding wind 

vectors   in   Fig.  40c. Two centers   of   large  d(KE)/dt   product ion (>lo0 

e r g s g  s ) are located  over   the two p o l a r  wind jets i n  Fig. 40c  where 

a i r  pa rce l s  were acce lera ted   (acce lera t ion   vec tors  were p o i n t i n g   i n  

the  same gene ra l   d i r ec t ion   a s  wind vectors)   through  the wind maxima. 

An a x i s  of posi t ive  d(KE)/dt ,  as sugges t ed   ea r l i e r ,  w a s  p r e s e n t   i n  

the   s torm  v ic in i ty   tha t   s loped  from s l i g h t l y  ahead o f   t he   s to rm area a t  

900 m b  to  behind a t  300 mb, with maximum generation (>150 e r g s   g - l s l )  

present  in  the  storm  environment between 600 and 400 mb. Very s t rong  

negat ive d ( K E )  / d t  (<-250 e rgs  g occurred  over  the  severe  thunder- 

storms above 300 m b  where la rge   acce le ra t ion   vec tors   po in ted  w e s t  o r  

southwest  and  actual  wind  flow w a s  toward the   nor theas t .  

-1 -1 

-1 -1 

-ls-l) 

The s lop ing   ax i s  of p o s i t i v e  d(KE) /d t   ove r   t he  storm area a l s o  

l ies along an axis   of  maximum southwest-northeast  winds shown i n   t h e  

i so tach   ana lys i s   o f   F ig .  40c  and e x p l a i n s ,   i n  par t ,  the   ex is tence   o f  

low-, middle-,  and  upper-level wind jets frequently  measured i n   t h e  

vicinity  of  severe  thunderstorm  systems.  Moreover,  this pattern is  

dynamically  necessary i f   t h e   s y n o p t i c  scale is  to  maintain a favorable  

L 
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dynamic l i f t i n g  environment  (low-level  convergence  and  divergence 

a l o f t )   f o r   c o n t i n u e d   r e l e a s e   o f   p o t e n t i a l   i n s t a b i l i t y  and  thunderstorm 

formation. This follows  from  the  argument  given i n   t h e  l as t  s e c t i o n  

and is fur ther   expla ined  as follows. 

Given the   s t rong   southwes ter ly  wind flow i n   t h e  storm environment 

r e s u l t i n g  from a v e c t o r   a c c e l e r a t i o n   f i e l d   t h a t   p o i n t s   i n   t h e  same 

genera l   d i rec t ion   (exc luding   leve ls  above 300 mb) as the   vec to r  wind 

f ie ld   (producing   pos i t ive   d (KE) /d t  and  wind j e t  fo rma t ion ) ,   t he  

h o r i z o n t a l   r o t a t i o n a l   f i e l d   o r   c u r l   o f   t h e   v e c t o r  winds  should  resemble 

c l o s e l y   t h a t  of the   acce le ra t ion   vec tors .   S ince  a t rough   i n   t he  wind 

f i e l d  was loca ted  west o f  the storm area, the cu r l   o f   t he  wind vec tors  

is pos i t i ve   ( cyc lon ic   w i th   pos i t i ve   r e l a t ive   vo r t i c i ty )   ove r   t he  

s torm  a rea .   Therefore ,   the   cur l   o f  the acce lera t ion   vec tors   in   the   s torm 

v i c i n i t y  i s  Fos i t ive   (cyc lonic)  below 300 mb as shown i n  Fig. 40f 

(a lso  see  Figs .   29a-32a) .   Since  the  horizontal   cur l   of  dV/dt is dt 

( i n  units of  10 where p o s i t i v e  areas are shaded) ,   pos i t i ve  

(negat ive)   values  are n e a r l y   e q u a l   t o   ( f )   t i m e s  the velocity  convergence 

(divergence)  for  synoptic-scale  flow. The f i n a l   r e s u l t  i s  an  axis  of 

maximum convergence (see Fig.   40f)   that  slopes from d i r e c t l y   o v e r   t h e  

s torm  center  a t  900 mb t o   s l i g h t l y   b e h i n d  a t  400 mb. The upper 

troposphere is  highly  divergent   under   large  ant icyclonic   rotat ion 

(negat ive  d<  /dt  ) of the   acce le ra t ion   vec to r s  and negative  d(KE)/dt. 

-f 3 
-11 s-2 

This pa t te rn   o f   hor izonta l  wind divergence  creates   s t rong upward 

v e r t i c a l   v e l o c i t i e s  and NVD's (see  Fig. 40b) over   the  s torm which  con- 

t inuously releases the  available  buoyant  energy (PBE) to   main ta in   the  

convective  storm  system.  After  storm  passage,  the  vector  accelerations 

produce  divergence  throughout  the  entire  troposphere (see Fig.  40f) 

r e s u l t i n g   i n  downward v e r t i c a l   v e l o c i t i e s  and NVD's tha t   suppress   the  

r e l ease  of p o t e n t i a l   i n s t a b i l i t y .  

The above discussion  demonstrates  the  hydrodynamical  processes 

produced by the  synoptic-scale  f low,  in  combination  with  existing  convec- 

t i ve  a c t i v i t y   t h a t   s u p p o r t  development  and  maintenance  of  severe  convec- 

tive  storm  systems. The remaining  question  concerns  the  influences of t h e  

severe  storms  themselves on the synop t i c   c i r cu la t ions .  The momentum and 

hea t ,  exchanged  between  the  storms  and  the  environmental  flow, 



145 

could  conceivably  add t o  o r   s u b t r a c t  from the  dynamic cont ro l   exer ted  

by the  synoptic  flow  over  thunderstorm  formation. However, these  scale- 

i n t e r a c t i o n  processes appear to  augment ra ther   than   suppress   the  

synopt ic   control   in   such a manner that   the   severe   convect ive  s torm 

system  actual ly   "self-propagates"   i tself  t o  a l imited  extent .   This  

process amounts t o   a n   i n t e n s i f i c a t i o n   o f   t h e  kinematic-dynamic  control 

exer ted  by the synoptic  flow  over  thunderstorm  development as descr ibed 

below. 

Any acce lera t ions   tha t   p roduce   la rger   pos i t ive   d (KE) /d t  and 

r e s u l t i n g  j e t  s t ream  intensif icat ion  a long  the  posi t ive  d(KE)/dt  axis 

that  slopes  over  the  storm  system  (see  Fig.   40e) w i l l  r e s u l t   i n   l a r g e r  

positive  curl  (convergence)  along  the  convergence  axis. A s  a r e s u l t ,  

upward v e r t i c a l   v e l o c i t i e s  and NVD's are   increased  in   the  s torm  environ-  

ment so  t h a t  release o f   ava i l ab le   i n s t ab i l i t y  i s  a s s u r e d .   I f   t h i s  

process  results  from.scale-interaction  between  the  convective  storms 

and the  environmental  flow,  accelerations must be  produced by sub-grid 

sca l e   o r   t u rbu len t   p rocesses   t ha t   have   l a rge  components along  the 

ex i s t ing   vec to r  wind field  surrounding  the  convective  storm  system. 

These forces   (per  unit mass) r e s u l t  from momentum and hea t  exchange 

betIqeen the  clouds and the  immediate  environmental  flow  around  the storms 

and  augment the   synopt ic -sca le   c i rcu la t ions   tha t   main ta in   the   s torm 

sys tem. 

Increas ing   baroc l in i ty   o f   the   synopt ic   s t ruc ture   over   the   s torm 

environment  has  already  been shown t o  be d i r e c t l y   r e l a t e d   t o   l a r g e  

diabatic  heating  in  the  mid-troposphere  (see  Figs.  40c  and  40d) . This 

hea t ing ,   r e su l t i ng  from n e t  pos i t i ve   hea t   f l ux  from cloud t o  en- 

vironment,  produced a thermal  ridge  over the storm  area and increased 

the  horizontal   temperature  gradient  northwest  of the storms. T h i s  

fea ture   acce le ra ted  the synopt ic   f low  a long  the  direct ion of t he  wind 

vec tors ,   increas ing   the  wind speed i n   t h e   j e t s  and t h e   p o s i t i v e  

c u r l  of the acce le ra t ion   vec to r s  (.: convergence)  creatinq a s t ronger  

ver t ical   c i rculat ion  within  the  s torm  environment .  

In   addi t ion,  the large  kinet ic   energy  product ion a t  the  synopt ic  

s c a l e  (>75 e rgs  g s ) over   the   s torm  a rea   in   the   l ayer  from 600 -1 -1 
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t o  400 mb, has been shown by Fuelberg (1977) t o  r e s u l t  from k i n e t i c  

energy  t ransfer  (or momentum exchange)  from  sub-grid  scale  systems 

(pr imar i ly   convec t ive   ac t iv i ty)   to   the   synopt ic   f low.  The acce le ra t ions  

assoc ia ted   wi th  the momentum exchange,  together  with  those  produced by 

diabatic  heating,  zxtend  the  zone  of  low-level  convergence  (and 

p o s i t i v e   c u r l  of -) up to   he igh t s   g rea t e r   t han  500 m b  as   seen   in  

Figs.  35 and 40f .  The magnitudes of upward v e r t i c a l   v e l o c i t i e s  and 

NVD's a re   t he re fo re   i nc reased  above those  normally  produced by t h e  

synoptic-scale  system  without  convective  activity.  The o v e r a l l   e f f e c t  

is  one i n  which the   severe   convec t ive   sys tem  "se l f   p ropagates"   i t se l f  

as sca le - in te rac t ion   processes  between the  storms and the  environment 

c rea te   acce le ra t ions   in   the   synopt ic   f low  tha t   supplement   the  hydro- 

and  thermo-dynamic processes   responsible   for   cont inued  convect ive  c loud 

formation  within  the  storm  system  i tself .  

dV 
d t  
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5. CONCLUSIONS 

Three-dimensional  diagnostic  trajectories  have  been  used  success- 

f u l l y   t o  reveal some of t he   s ca l e   i n t e rac t ions   t ha t   occu r  between 

convective  storms  and their environment  using  data  from N A S A ' s  AVE IV 

Experiment. The a v a i l a b i l i t y   o f  3- and 6-h synoptic-scale  data  enabled 

temporal   resolut ion  of   important   systems  and  features   that  made t h i s  

study  possible.  

Lis ted below are some of  the  conclusions drawn  from the   p re sen t  

research. 

1) T h e  ex is tence  of  convective systems wi th  9ood temporal and 

spa t i a l   con t inu i ty   ( i den t i f i ed   u s ing  I4anually Dig i t ized  Radar da ta )  is 

r e l a t e d   t o   t h e  development  and movement of short-wave (A<1500 km) wind, 

he ight ,  and thermal   per turbat ions embedded and moving within a zonal 

mid-tropospheric  pattern. The convective  storms  are  located  ahead  of 

these  systems where horizontal   advection  of  temperature and moisture 

supp l i e s   po ten t i a l   i n s t ab i l i t y ,   r e su l t i ng   i n   sma l l  NBE and l a r g e  PBE. 

Well-defined  centers  of upward v e r t i c a l   v e l o c i t i e s  and NVD's a re  

associated  with  the  re lease  of   avai lable   buoyant   energy  that   resul ts  

in  convective  storm  formation. 

2 )  The four-dimensional  environmental   f low  pattern,   relative  to 

convective  storm  systems, shows t h a t   l a r g e  upward a i r   p a r c e l  move- 

ments (>50 mb/3h) occur   only  in   the immediate v i c i n i t y  of t h e  convec- 

t i ve   c louds .  The a i r  undergoing  s t rong  l i f t ing  or iginates   as   poten-  

t i a l ly   uns t ab le   l ow- leve l   a i r  (below 700 m b )  that   continuously  moves.  

toward  and  slowly r i s e s  (>20  mb/3h) in to   the   s torm  pa th  from southern 

and  southwestern  directions. Rapid d e s t a b i l i z a t i o n  of t h i s   a i r   o c c u r s  

when la rge   ver t ica l   d i sp lacement  and v e r t i c a l   s t r e t c h i n g   r e l e a s e   t h e  

i n s t a b i l i t y   t o  produce new convective  clouds. Low-level t r a j e c t o r y  con- 

vergence  and  large  upper-level  trajectory  divergence  maintain  the 

v e r t i c a l   c i r c u l a t i o n   a s  a i r  parcels  pass  through and  around  the  storm 

environment. 

3) Total   derivatives  of  pressure  (dp/dt  or NVD), p o t e n t i a l  

temperature ( e ) ,  and vector  wind (dV/dt)  from the   t r a j ec to r i e s   can  

successfu l ly   def ine   the  thermo-  and  hydrodynamical  processes  that  lead 

-+ 
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t o  changes in   a tmospher ic   s t ruc ture   before ,   dur ing ,  and a f t e r  convec- 

t ive  storm  formation.  During  periods  before  storm  formation,  the  total  

de r iva t ives   appea r   t o   r e su l t   p r imar i ly  from processes   occur r ing   in   the  

mean synopt ic   f low  lead ing   to  a favorable  environment  for storm formation. 

This  can  include upward N V D ' s  w i th in   po ten t i a l ly   uns t ab le   a i r   i n   t he  

boundary layer   evolv ing  from a ho r i zon ta l   vec to r   acce l e ra t ion   f i e ld  

(dV/dt) that  2roduces  low-level  convergence  and  upper-level  divergence 

through  dg/dt .   In   addi t ion,   d iabat ic   heat ing  (d8/dt  # 0)  i n   t h e  lower 

atmosphere  and  cooling  aloft  (from  both  water  substance  phase  changes 

and radiat ion)   can  lead  to   destabi l izat ion  of   the  a tmosphere,   producing 

small NBE and larger   avai lable   (posi t ive)   buoyant   energy (PBE) .  

4 )  By combining N V D ' s  wi th  a measure  of s t a t i c   s t a b i l i t y  

(PBE and NBE), us ing m u l t i p l e  l inear   regress ion ,   convec t ive   ac t iv i ty  

of v a r i o u s   i n t e n s i t i e s   c a n  be spat ia l ly   determined  with a 50% accuracy. 

However, convective and  non-convective  areas  can  be  delineated  with 

80% accuracy,   demonstrat ing  the  high  degree  of   scale   interact ion  be-  

tween synoptic-  and  convective-scale systems. 

-+ 

5)  The severe  thunderstorm  environment   contains   large  horizontal  

acce le ra t ions  C >  J J m  s that  result   in  strong  low-level  convergence 

and upper-level  divergence and p a r t i a l l y   e x p l a i n   t h e  low-, m i d - ,  and 

upper-tropospheric  jets  associated  with  severe  thunderstorms  ( through 

d(KE) / d t ) .  

-2 

6) I n t e r a c t i o n s  between  severe  convective  systems and the  environ- 

ment enhance the   synopt ic -sca le   vec tor   acce le ra t ion   f ie ld   in   the  mid- 

t roposphere   ( th rough  the   tu rbulen t   f r ic t iona l   force)   in   such  a manner 

tha t   the   s torm  "se l f -propagates"   i t se l f  by increas ing   the   l a rge-sca le  

v e r t i c a l  motion f i e ld .   Th i s   p rocess   r e su l t s  from a ne t  momentum and 

heat  exchange  between  the  storm  and  the  environment where l a r g e   d i a b a t i c  

heat ing ( > 2 . 0  OC/311) and momentum exchange  within  the  storm  environment 

increases   the  horizontal   temperature   gradient  and acce le ra t e s   t he  en- 

vironment  flow,  producing  stronqer  convergence and divergence  pat terns ,  

wind j e t s ,  and v e r t i c a l   v e l o c i t i e s .  
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6. RECOMMENDATIONS FOR FURTHER  RESEARCH 

Fur ther   s tud ies  of this type  can  provide a more d e f i n i t i v e  under- 

s tanding of the in te rac t ion   processes   tha t   occur  between  convective storms 

and t h e i r  environment   during  different   synopt ic   pat terns  and  seasons. The 

AVE-SESAME and HIPLEX experiment  data  should  be  especially  useful  in ex- 

tending   these   resu l t s   to   inc lude   in format ion   about   the   in te rac t ions   tha t  

occur between  thunderstorms  and  mesoscale  environmental  circulations. 
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5 .  Abstract 

. n t e rac t ion   p rocesses   t ha t   occu r   be tween   convec t ive   s to rms   and   t he i r   env i ronmen t .   Da ta   f rom NASA's 
fourth  Atmospheric   Variabi l i ty   Experiment  (AVE IV),   conducted on 24-25  Apri l   1975,   are   analyzed.  Two 
.n t ense   squa l l   l i nes   and   numerous   r epor t s   o f   s eve re   wea the r   occu r red   du r ing   t he   pe r iod .  

D i a g n o s t i c a l l y   d e t e r m i n e d   t h r e e - d i m e n s i o n a l   t r a j e c t o r i e s   w e r e   u s e d   t o   r e v e a l  some o f   t h e   s c a l e  

Convect ive  s torm  systems  with good t e m p o r a l   a n d   s p a t i a l   c o n t i n u i t y  are shown t o   b e   r e l a t e d   t o  
.he  development  and movement o f   s h o r t - w a v e   c i r c u l a t i o n   s y s t e m s   a l o f t   t h a t   p r o p a g a t e   e a s t w a r d   w i t h i n  
L zona l   mid - t roposphe r i c   w ind   pa t t e rn .   These   sho r t -wave   sys t ems   a r e   found   t o   p roduce   t he   po ten t i a l  
. n s t a b i l i t y  and  dynamic t r igge r ing   needed   fo r   t hunde r s to rm  fo rma t ion .  

The e n v i r o n m e n t a l   f l o w   p a t t e r n s ,   r e l a t i v e   t o   c o n v e c t i v e   s t o r m   s y s t e m s ,  are shown to   p roduce   la rgc  
lpward a i r   p a r c e l  movements i n   excess   o f   50  mb/3h i n   t h e   i m m e d i a t e   v i c i n i t y   o f   t h e   s t o r m s .  The a i r  
m d e r g o i n g   s t r o n g   l i f t i n g   o r i g i n a t e s   a s   p o t e n t i a l l y   u n s t a b l e   l o w - l e v e l   a i r   t r a v e l i n g   i n t o   t h e   s t o r m  
mvironment   f rom  southern  and  southwestern  direct ions.  The  thermo-  and  hydrodynamical  processes  that  
.ead t o  c h a n g e s   i n   a t m o s p h e r i c   s t r u c t u r e   b e f o r e ,   d u r i n g ,   a n d   a f t e r   c o n v e c t i v e   s t o r m   f o r m a t i o n   a r e   s u c -  
: e s s f u l l y   d e s c r i b e d   u s i n g   t o t a l   t i m e   d e r i v a t i v e s   o f + p r e s s u r e   ( d p / d t )  o r  n e t   v e r t i c a l   d i s p l a c e m e n t  
IVD), p o t e n t i a l   t e m p e r a t u r e  ( e ) ,  and v e c t o r  wind  (dV/dt)   calculated  by  fol lowing a i r  p a r c e l s .  

The h i g h   d e g r e e   o f   s c a l e   i n t e r a c t i o n   b e t w e e n   s y n o p t i c -  and convec t ive-sca le   sys tems is demon- 
, t r a t e d   s t a t i s t i c a l l y ,   u s i n g   m u l t i p l e   l i n e a r   r e g r e s s i o n ,  by combining N V D ' s  and s t a t i c   s t a b i l i t y  mea- 
urements t o   s u c c e s s f u l l y   l o c a t e   c o n v e c t i v e   a c t i v i t y   o f   v a r i o u s   i n t e n s i t i e s  over t h e  AVE IV network. 
. f t e r   s t o r m   f o r m a t i o n ,   i n t e r a c t i o n s   b e t w e e n   s e v e r e   c o n v e c t i v e   s y s t e m s   a n d   t h e   e n v i r o n m e n t   a l t e r   t h e  
ynop t i c - sca l e   f l ow  f i e ld   i n   t he   mid - t roposphe re   i n   such  a manner t h a t   t h e   s t o r m   " s e l f - p r o p a g a t e s "  
~y i n c r e a s i n g   t h e   l a r g e - s c a l e   v e r t i c a l   m o t i o n   f i e l d .   T h i s   p r o c e s s   r e s u l t s   f r o m  a n e t  momentum and 
e a t  exchange  between the   s to rm  and   t he   env i ronmen t   where   l a rge   d i aba t i c   hea t ing   (>2 .0  OC/3h) and 
Iomentum exchange   wi th in   the   s torm  envi ronment   increase   the   hor izonta l   t empera ture   g rad ien t  and acce l  
!rate the   env i ronmen ta l   f l ow,   p roduc ing   s t ronge r   conve rgence   and   d ive rgence   pa t t e rns ,   w ind   j e t s ,   and  
. e r t i c a l   v e l o c i t i e s .  

. Key Words  (Suggested by  Authorls)) 
~- 

18. Distribution Statement 

Category 47 

. Security Classif. (of this report) I 20. Security Classif. (of this page) I 21. NO. of Pages 22. Price I 
Unclass i f ied   Unclass i f ied   163  $8.r)O 

F o r  sale by  Nat ional   Technica l   In format ion  Serv ice,   Spr ingf ie ld .   V i rg in ia  2 2  1 5  I 

NASA-Lanql ey , 1980 


